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PREFACE

This Proceedings is the record of a workshop hosted by the
Coastal Engineering Research Center, Waterways Experiment
Station, of the U.S. Army Corps of Engineers, January 23-24,
1985. The objective of the workshop was to review the cur-
rent state of knowledge of the structural strength of breakwater

A concrete armor units and to discuss past and proposed mea-
surements of the structural forcing and response. The invited
participants represented a purposeful mix of coastal engineers,
structural engineers, concrete specialists, and laboratory and

field experimenters. Both researchers as well as engineers in-

volved in the design and construction of rubble mound break-
waters participated.

The motivation and sl 3nsorship of the workshop was pro-
vided by the Crescent City Prototype Dolos Study. This pro-

*gram was begun by the Office, Chief of Engineers to take ad-
vantage of the repair of the dolosse section at Crescent City,

California. Because of the unique nature of the study and the
unlikelihood of another opportunity to acquire prototype scale
data from dolos units, the participants in the workshop were
invited to advise the Corps in the planning of the proposed

measurements.
The workshop was conducted in an informal manner. with

a considerable amount of time devoted to discussion. The Pro-

ceedings reflect that informality, and to preserve the character
of the workshop, little editing has been done. In some cases
formal papers with supporting figures were not available and
transcripts have been provided.

Those of us involved in the study wish to thank, again, the
participants. In all cases the papers and discussions were inter-
esting and informative. Students and investigators who desire
to become more familiar with the problem of breakage of con-

crete armor units will benefit from the results reported here
as well as the wide range of hypotheses and opinion.
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Crescent City Prototype Dolosse Study

Gary Howell

Abstract

The U.S. Army Corps of Engineers, Coastal Engineering Research
Center. has begun a program to acquire measurements of the struc-
Iural forces and responses of 42 tonne dolos armor units in a prototype
breakwater. Twenty new dolosse will be instrumented as part of the
rehabilitation of the breakwater at Crescent City, California. Dy-
namic measurements of two bending moments and the torque about
one shank-fluke interface will be obtained from strain gages mounted
on rebar within the dolos. Six of the dolosse will be instrumented to
measure the velocity of motion with six degrees of freedom. Data wiu
be digitized at the point of measurement by an on-board microcom-
puter system. Measurements of wave height, period, and direction
will be made simultaneously with the strain measurements. Hydro-
dynamic pressure measurements will be made in the core material of
the breakwater, as well as in the dolos matrix. Data will be used to
provide boundary conditions for a finite element structural analysis
model of the dolos.

1 Introduction

Past studies of the structural Etrength of dolosse have generally been based
on dryland tests or numerical model studies. Both of these techniques re-
quire better description of prototype forcing functions and boundary con-
ditions. Due to the complex hydrodynamics of the turbulent regime in and

around a breakwater, analytic determination of the boundary conditions is

*U.S. Army Corps of Engineers, Waterways Experiment Station, Coastal Engineering
Research Center
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difficult. Uncertainties in applying scaling laws to reproduce armor unit
structural characteristics make the use of small-scale physical models of
dynamic structural loading subject to doubt when results are applied to

the prototype.

The presently planned rehabilitation of the breakwater at Crescent City,

California., has provided a unique opportunity to study the structural re-
sponse of large dolosse in the prototype. New 42-tonne dolosse will be cast .,i.

and placed on top of existing dolosse. The wave climate at Crescent City is
sufficiently severe, each year, to guarantee waves which will cause measur-
able motion and impact loading of the dolosse. Figure I shows the layout
of the breakwater. The main leg is approximately 3760 ft long, and the
easterly dogleg is approximately 1000 ft long. The dolos section is corn-
prised of 246 unreinforced dolosse distributed along the last 230 ft of the

main stem. Since their plk ement as part of the breakwater rehabilitation
in 19T4, up to 70 units have been reported to be broken ( Edmisten, 1982).
At least 22 of these breakages can be attributed to the placement opera-
tions (Markle and Davidson, 1984). Since these reports, there is evidence
that deterioration of the structure is accelerating with additional broken
units and subsidence in the center of the section.

2 Measurement Plan 6

2.1 Objectives

The primary objective of the Crescent City measurement program is to
provide high quality field measurements which may be used to calibrate
and verify models of structural stress of dolos. Because of the many pro-
posed mechanisms and contributing factors to dolos breakage, the study

should also provide intensive monitoring of all phases of the dolos casting,
placement, and subsequent exposure to storm waves. Evaluation of field
measurements of strain and dolos motion will be used to provide boundary
conditions for Finite Element Method (FEM) model of dolos sufficient to
provide detailed descriptions of stress distributions within the dolos. Like-
wise, analytical models of dolos motion due to wave forcing will be evalu-
ated with prototype data from both offshore wave measurements and dolos

I
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velocity measurements, The results of these analyses, when validated by
prototype data, could lead to a simplified structural design procedure based
on design wave conditions similar to that available for breakwater stability.
Although many aspects of the study are fixed by budget and scheduling
constraints, it is anticipated that the results of this workshop will provide

guidance towards the implementation of the field measurements.

2.2 Measurement Approach

Based on structural considerations and field experience, it is generally ac-
cepted that doos fractures tend to occur along lines of high stress concen-
tration in and around the shank-fluke interface. The primary parameter
of the field measurement program is the measurement of stresses at this

interface. Twenty dolosse with strain measurement instrumentation cast
internally will be placed on the breakwater along with the other dolosse to
be used in the rehabilitation.

Since impact of the dolos is believed to be the primary cause of frac-
ture, six of the strain instrumented dolosse will also be instrumented with
accelerometers which will provide measurement of three translational and

, three rotational accelerations. These will be integrated once to provide a

A velocity vector which may be used to completely define the motion of any

point on the dolos.
Measurement of the hydrodynamic forces acting on individual dolos in a

prototype breakwater is difficult with existing techniques. A more feasible
approach is to use pressure transducers distributed within the breakwater
to measure related hydrodynamic phenomena. Additional transducers will

be placed along the seaward face of the cap to measure pressures associated
with the wave wall formed by the cap. Data from the transducers can be
used individually to determine pore pressures, uplift forces and breaker

N! height. The data will also be analyzed as gage arrays to estimate breaker

angles and characteristics of reflected wave energy.
Offshore directional wave spectra measurements will be made simul-

taneouslv with the breakwater measurements. These measurements will
provide input to the wave force prediction models and be correlated with
the dolos motion measurements.

5



2.3 Supporting Measurements

In order to characterize the concrete material properties, the breakwater
structural characteristics, local bathymetry, and the environment of the
prototype dolosse, a number of supporting measurements are planned. The
casting of 42 tonne dolosse has recently been monitored at Humboldt Bay

- to determine the extent of curing temperature induced stresses in the con-
crete. The initial results of those tests will be reported in these proceedings
(Norman, 1985).

During casting of the instrumented dolosse at Crescent City, samples of
concrete will be taken and returned to WES for material properties test-
ing. Cast and cured dolosse will be subjected to structural modal testing
and analysis. These tests will be performed on both instrumented and
non-instrumented dolosse to allow for comparison. Additionally, a smaller
prototype dolos will be subjected to extensive modal analysis at the Struc-
tures Laboratory at WES. These tests will be performed dry and at various
submergence depths and in various orientations. The results will be used
to compare with the dry land modal analysis of the 42-ton prototype dolos
as well as the FEM model.

The instrumented dolosse will be monitored during transport and place-
f ment on the breakwater. These data will be analyzed with the aid of a video

tape log of the transport and placement procedure.
Once the instrumented dolosse are placed on the breakwater, an ex-

tensive monitoring program will be performed during the 2 to 3 year test.
Instrumented dolosse will be marked with concrete dye to distinguish them
from other dolosse. Both aerial photogrammetry and underwater sonar sur-
veys will be performed regularly to track the position of the dolosse during
the nesting and settlement phases.

3 Dolos Instrumentation System

The seere environment of a prototype breakwater requires specially de-
signed instruments and data acquisition systems. The high data sampling
rates required to capture dynamic strain events requires that the number of
strain gages be minimized. Some traditional concrete strain measurement
techniques, such as surface-mounted strain gages, were rejected due to gage

6



and wiring protection problems. The selected method is to measure gross
structural parameters which can be used together with FEM calculations
to provide detailed descriptions of the stress distribution within the dolos.
Two bending moments and the torque at the shank fluke interface (Figure
2) will be the primary measurements. This method allows the use of strain
gages cast internal to the dolos. While it would be desirable to insrument
both ends of the dolos, only one will be instrumented due to cost consider-
ations. The moments and torque will be determined by the measurement
of strains on four rosettes constructed of reinforcing steel bars as shown in
Figure 3. Two moments and two redundant torque measurements can be
obtained from algebraic combinations of the strain measurements on each
bar.

A system of metal conduit and steel reinforced hose is used to provide
support for the instruments and protect the wiring during casting. All
strain gages and wiring are tested for waterproofing under pressure cycling.
The protecting conduit and hoses are also pressure tested and then filled
with oil to provide additional protection from water intrusion. The conduit
hose extends to a steel cylinder sleeve cast into the dolos at the lower
center of the shank. The wiring continues into an oil-filled flexible tubing,
terminating in a waterproof electrical connector inside the sleeve.

After the dolosse are cast and the integrity of the instrumentation is
verified, a waterproof cylinder containing a specially designed dolos proces-
sor is mated to the underwater connector and installed in the internal steel
sleeve. Dolosse instrumented for acceleration will have processor cylinders
which also contain the required accelerometers. The dolos processor is an
intelligent system which will digitize the signals from the strain gages and
acclerometers and provide an interface to the dolos signal cable. Al chan-
nels of data are sent over the dolos signal cable in a single, high speed
serial bit stream. A second serial interface provides commands to the dolos
processor from shore.

4 Data Acquisition

Retrieval and recording of data from prototype dolos during storm condi-
tions constitute the most difficult parts of the study. The extremely severe
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environment in and around the breakwater during storm conditions requires
that the data acquisition system be designed in such a way as to facilitate
protection. Also, after placement in the breakwater, access to the dolosse is
impossible. This requires that the internal dolos instrumentation and the
connecting cable be designed for no maintenance over the lifetime of the
system.

Because dynamic strain data from the response to impacts are desired,
the sampling rates are quite high. Current plans call for a strain bandwidth
of 125 Hz with a sample rate of 500 Hz for each strain channel. It is
estimated that this bandwidth should be adequate to distinguish the first
five structural response modes of a 42-ton dolos.

Figure 4 shows a block diagram of the data acquisition system. The
strain and velocity signals are digitized on board the dolos by the dolos
processor. These data are sent by a cable for each dolos to the top of the
breakwater. The cable provides power to the dolos processor and instru-
mentation a well as a two-way digital link. Each dolos signal cable will
connect to one of two data concentrators mounted in waterproof cylinders.
The two concentrators will be mounted in holes in the breakwater cap on
the protected side of the breakwater. The breakwater pressure gages will
also connect to the concentrators. Each concentrator will combine data
from all of the dolosse onto one cable. The two cables from the concen-
trators will be connected to a computer trailer parked at a protected site
on land. The trailer will contain a high performance minicomputer system
which will be programmed to save time histories for impact induced strains
and velocities while rejecting data during static conditions. The data from
the offshore directional gage will also be acquired directly by the minicom-
puter system. All data will be saved on disk and then archived on magnetic
tape for analysis at WES. A remote telephone link will allow control of the
system from WES and rapid recovery of small samples of data.

5 Dolos Cable Protection

During the fall of 1984, a test of proposed cable protection systems for the
instrumented dolosse was conducted at Crescent City. The primary system
tested was modified anchor chain. Chain sizes up to 3 in., weighing from

8



70 to SO lb ft were used. The primary purpose of the chain assemblies
was to form an anchor system for the dolos signal cable coming up the
breakwater to the cap. Various methods of attaching the cable to the chain
were implemented. including holes, clamps, and bindings. Additionally, an
armored cable was deployed without chain.

After subsequent inspections, it was determined that the chain assem-
blies did not move during mild to moderate wave conditions. Attempts
to inspect chain motion during severe wave conditions were unsuccessful,
however indications from other inspections indicate little, if any, movement
due to wave action. The armored cable did show cyclic motion during
moderate conditions, indicating that. cable fatigue failures of unanchored
armored cable would occur. None of the methods employed to attach the
cables to the chains proved to be entirely satisfactory. The methods using
holes in the chains caused too much stress to the cable due to multiple
sharp bends. The section using a straight run of cable along the chain was
the most satisfactory, except that the attachment methods either failed or
were too time consuming to install.

An additional problem, learned from the test, was the possibility of
damage to the cable during installation due to the ability of the chain to
bend at a sharp angle. thus forcing the cable below its minimum bend
radius.

Based on the results of the test, it has been decided to investigate other
methods of attaching the cable to the chain, as well as restricting its mini-
mum bend radius.

6 Conclusions

The dolos armor unit has proven to be an economical and effective tool for
breakwater construction by the Corps of Engineers. However due to several
recent catastrophic failures of dolos breakwaters in other countries, and ex-
perience with breakage of dolos units on Corps breakwaters, there has been
increased concern about the structural strength of the dolos unit. Previous

assumptions that hydraulic stability was sufficient to guarantee structural
strength have been called into question. Progress towards a structural de-
sign procedure for dolos units has been slow due to the complete lack of

9
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prototype data. Although field measurements in such an environment are
clearly high risk, prototype scale data will help establish or confirm the
breakage mechanisms and permit more rapid progress on the various mod-
els currently under development.
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DISCUSSION OF "CRESCENT CITY PROTOTYPE DOLOSSE STUDY"

MR. GARY HOWELL

DR. TEDESCO:

How do you propose to correlate these measurements you've selected in the
field to measure stress evaluations with the environmental condition causing it?

MR. HOWELL:

The wave data will be recorded simultaneously and the pressure data within the
breakwater will be recorded simultaneously, so we will essentially have time series
data. We're going to do simple statistical correlations, and want to check some of the
proposed models' results. In addition, we hope to come up with ideas of our own. It's a
difficult problem.

Our structures people think once we have the motion of the units, then we can
go to stresses. That's probably a problem that traditional engineering techniques can be
applied to, but the problem of going from the environmental wave problem to motion is
difficult. We don't have the answer to that question.

Do you have some suggestions, Rid?

DR. SOBEY:

I appreciate your problem with most of the data that you've got and the need
to concentrate the data. You talked about reducing it to static averages, wave induced
averages, and impact signals.

Do you have any intention of keeping any complete traces? By reducing the
data in this way, you're, in a sense, predetermining the analysis to be used on the
data.

MR. HOWELL:

We'll have the capability of doing that in short segments. What we would hope
to do is take samples for several minutes, at the minimum, of complete time series
every once in a while, certainly during a storm situation. As far as getting one hour of
records, as you might do for waves, of the actual stresses at 400 hertz, we just can't
do it.

MR. MAGOON:

Did you gather any data on those cylinders you put out? Was there anything in
those cylinders?

MR. HOWELL:

No. The cable was looped back on itself. The conducters were paired and
connected, so we could test to see if there was a break.

15
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MR. MAGOON:

I guess the main question or comment I would like to make is that if the
purpose of the work that you are doing is to improve design, then it would seem like
you should consider a number of design procedures' scenarios to fit these measurements
into the necessary calibration. The other point is that you may be in fact verifying
hydraulic model. If in fact that is a goal, then you could perhaps take a little different
an approach. If you assume that accelerations, for example, are correct in the
hydraulic model, then perhaps you would look at a different aspect of what you're
measuring here. So I think it would be important early on to hear what the assumptions
are in the models, what the model's characteristics you're trying to prove are, and
what you're assuming you don't have to verify.

Obviously, hydraulic models aren't going to go away. Hydraulic models are the
most important tool. You mentioned that was in the future. I would think that you
could make several basic assumptions of what was needed for those verifications or the
actual design test.

MR. HOWELL:

I guess what we're trying to do is assume as little as possible. I'm trying to
separate myself from any of the basic theories which have been proposed and to take
data which I can use to test them. So most of our assumptions have been not based on
a particular model or use of data but on survivability and technical limits.

In other words, if I could figure out a way to do more accelerations less

expensively, then we'd do it.

MR. MAGOON:

If I could just respond. I didn't mean that you would bias the measurement to
any given hypothesis, but whatever the hypothesis, the data base that you generate
would satisfy all of those types of procedures, even though we don't know what those
procedures are at this time. You may well come up with a new one based on the
prototype information. I think you have to decide what are the known scenarios and
then, in addition, other data that you could gather also.

MR. HOWELL:

We have divided the problem conceptually in three parts. The first part of the
problem is the wave part, the forcing function which causes drag forces on the unit or
motions. Once the unit has a drag force and a motion, there's either a pulsating stress,
as Burcharth would define it, or impact stress. Going from that motion to that impact
and the resulting stresses of the unit is the second part of the problem. The third part
of the problem is once we can predict stresses within the unit, can we predict whether
or not it will break. We feel that the difficulty in the knowledge about these problems
is probably in reverse order.

16



I think we're pretty confident that once we're given stresses within the units,
we can tell whether it will break. We're fairly confident that once we know motions of
the unit and see when it impacts, that we can determine stresses, although that's still
a fairly difficult problem. Then of course the most difficult part of the problem is the
question of the environmental load on the motions of the unit. It's not clear to me that
the same type of analysis as used for hydraulic stability, where we're basically looking
at rocking or various subjective determinations of motion, is sufficient for this, but I
think it's certainly a difficult question.

Those are, I guess, the assumptions that we're making. What we have tried to
do is design the measurements such that we can characterize those, the interfaces of
those black boxes, if you will, for the problem.

DR. ZWAMBORN:

As I see it, the most important correlation is your correlation with the
environmental conditions you mentioned. Could you give us a little bit more on how you
are going to do this? Just looking at the model density and the area, I understand it's
quite difficult. There are areas where you may not be able to define the conditions
easily. Could you give us a little more detail about how and where you are going to
measure the input wave conditions?

MR. HOWELL:

This is something that we don't see as cast in concrete, so we can certainly
modify it, at least on the recommendations of the workshop.

To answer your question, what we see as one possibility at this time would be
an off-shore directional wave gage in some area where the wave climate could be
assumed to be fairly homogeneous and then, we hope, a single point wave measurement
directly in front of the section which has the instrumented units.

Now, admittedly Crescent City is basically a shallow breakwater, I think, as
compared to what you're doing in Europe, and the bathymetry is not as regular as we
would like; however, it is more regular than say, for example, Humboldt or some other
sites. So, it's not all good and it's not all bad.

There will be some difficulty in characterizing exactly the wave climate on a
particular section. We feel that by having a good measurement of the directional
waves, at a point where we can at least calibrate a standard wave model, as well as
having a scaler measurement, if possible--we're not quite sure that we can do that, but
if possible--directly in front of the breakwater, we will be able to do the best we ca.

If anyone has some ideas about how to do it better, we'd certainly like to hear
them.

DR. ZWAMBORN:

One more comment on this. A lot of people here can answer this question.
Would a single point recording take into account the reflection? Would a single point
recorder right in front of the breakwater provide you sufficient information to get the
incident wave condition on the breakwater? Would you need, for instance, two?
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MR. HOWELL:

You're referring to the problem of reflection off the breakwater?

DR. ZWAMBORN:

Yes. You get 30 percent reflection. S.

MR. HOWELL:

We hope we won't have that much reflection.

DR. ZWAMBORN:

Maybe we can get back to this.

DR. WOOD:

Yes, let's come back to that question. I'd like to allow the next presenter.
Bring that up in discussion.

MR. MAGOON: -

I have a point about the wave gage. I think you'll have in the concrete armor
units themselves the best wave gage that was ever built, particularly when the waves "-

are small, because all these units will elongate if you have a five foot wave. You'll
have, right in the section itself, the world's greatest wave array that you can ever
imagine. So I would think that you're actually going to see the waves on the units.
Right at that point, the units will be elongating and doing whatever they're doing.
There will be enough of them. You'll probably find that the units themselves, once
they're calibrated, will be extraordinary wave gages. 9

1.
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Measurement of Temperatures and Associated Strains

During Dolosse Construction

Background

For dolosse armor units to be effective in dissipating incident wave energy

over a practical time period, the unit must maintain its structural integrity.

Quite often structural failures of such units are associated with cracks which

have grown or propagated to an extent such that the unit is incapable of resist-

ing its design loads. In order to accurately assess a particular armor unit

design concept, the extent of cracking at the time the unit is first put into

service must be known. Therefore, the probability of construction-related

cracking 'uld be evaluated. The work reported here was directed toward experi-

mentally e'aluating the probability of significant construction-related cracking

for dolosse structures.

*Objective

The objective of this study was to measure temperaturesiahd strains during

the dolosse construction and curing process. Based on the magnitudes of these

strains the potential for construction-related cracks to form at critical regions

in the structure is evaluated.

Test plan

Two dolosse were used for measurement verification. The dolosse forms at

the Eureka, California, construction site were made available for use in the

thermal strain study. These forms were set up at the notth end of the construc-

tion site with one form on the ocean side (west dolosse) and one on the east

side (east dolosse). Care was taken to simulate normal construction procedures

for the two dolosse being tested. The test plan was to continuously monitor

temperatures and strains at critical points in the dolosse from the time of

concrete placement until strains associated with the construction phase were

felt to have reached a steady-state condition.

Concrete placement

Concrete used in the dolosse construction consisted of deformed steel

fiber-reinforced concrete with 0.42 water-cement ratio. Placement of the con-

crete was accomplished by a truck equipped with an 8-cu yd hopper and self-

contained conveyor system for discharge into the dolosse forms. The concrete
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was dropped through form openings at the tops of the fluke and the shank and

then vibrated. The impact of falling concrete along with vibrating effects

made placement of thermal strain instrumentation very difficult. Concrete was

placed in the test dolo's forms on 18 June 1984 from 1530 hr to 1745 hr or

approximately 1-hr 45-min placement time for each dolosse. Forms were removed

after I day and Jack stands, which were used to keep the axis of the shank hori-

zontal, removed after 7 days.

Instrumentation

Twenty Carlson strain meters were placed in each dolosse to record tempera-

tures and strains during the construction and curing process. These meters are

4 in. long and measure both temperature and strain with resolutions of 0.10 F

and 3 pin./in., respectively. The sensing device in the Carlson strain meter

operates on the principle that a metal wire will change resistance due to a

strain and also will change resistance due to a temperature change. Precision

four-terminal resistance measurements were made to the nearest 0.0001 ohm to

determine strain and temperature. Relative gage locations, as shown in Figure 1,

were the-same for each dolosse; detail locations of the gages are presented in

Figurei 2 through 5. The metal frame shown in these figures was designed so

that its ends would fit tight against the inside surface of the dolosse forms.

This was required to withstand the effects of the concrete placement.

Data were recorded on five magnetic disks in a Hewlett Packard (HP) 3597A

data acquisition system and HP 85 computer. A portable generator was used to

power the system. In addition to the instrumentation discussed above, four

test cylinders were cast and monitored during the test program.

Presentation and discussion of test results

Measured temperatures and strains are presented in Figures 6 through 29.

Figures are labeled east or west dolosse, section, and central or outside por-

tion of cross section. A legend identifying actual gage numbers is presented

in the lower right-hand corner of each figure.

Measured temperatures were normal with maximum temperatures occurring .

near the axes of the shank and fluke. The highest temperature rise occurred at

the center of section CC and was approximately 850 F based on an initial tem- 0

perature of 600 F. This maximum temperature occurred approximately 20 hr after

placement of the concrete. Temperatures at points nearer the outside surface

were more sensitive to the daily changes in ambient temperature as shown in

Figure 1i.
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During the first few hours of the curing process, concrete slips at the

concrete-strain gage interface until bond is developed. This bond is essen-

tially completed at time of initial set or about 6 to 8 hr. Prior to this time

gage-indicated strains are not accurate. For example, the four strain records

of Figure 13 would indicate that gage 4502 recorded the largest strains of the

four gages with a fairly constant value of approximately -6 pin./in. However,

when the strain records prior to set are neglected for each gage and they are

plotted from a common preset strain point, the actual strains are as shown in

Figure 14. Also, strains associated with free thermal expansion were deter-

mined for this concrete and subtracted out of all strain records. Therefore,

the strains measured after initial set represent strains associated with stresses.

With this in mind, an analysis of all the measured strain data indicates very

little, if any, construction-related stresses were developed for the two dolos

tested. The maximum relative strains over a cross section appear to occur at

section CC as shown in Figure 25. However, these strains are only on the order

of 5 pin./in. which is negligible compared to expected ultimate strain capacity

of the concrete.

In all strain records there is a slight constant shift in strain beginning

at approximately 25 hr after placement and ending approximately 25 hr later.

Because it occurred in both structures and all strains were of one polarity, it

appears to be an electrical shift rather than mechanical. In fact, until all

the length changes due to the temperature coefficient were removed from the

data, the shift was not recognized. So no effort was made at test time to

check for electrical ground problems. Because the amount of shift is in the

range of the minimum resolution of the meters (3 wE) and does not approach the

ultimate strain capacity of typical concrete (100-150 pe), it was not considered

significant.

Conclusions

Based on the results of these tests, there appears to be no real potential

for significant construction-related cracks.
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DISCUSSION OF "PROTOTYPE STUDY OF THERMAL STRAIN IN DOLOS"

MR. DEAN NORMAN

MR. MAGOON:

W Could you comment on that large strain at about 35 hours that you had there?

What was that?

MR. NORMAN:

That shift?

MR. MAGOON:

Was that forms removed or something?

MR. NORMAN:

No, that was just associated with some type of electrical current at the site.
The strains were so small that any type of fluctuation like that in the local field
messed up the signals. Mitch, is that correct?

MR. ALEXANDER:

We were operating almost at the noise level. Using the generators, we were
subject to getting some ground shift. We never did know what happened at the time.
The amount of data was so small that it wasn't obvious that we even had a ground
shift until we took the thermal coefficient and took out the free expansion, which
brought the strains down so small that they were insignificant.

MR. MAGOON:

Then how do you know which is signal and which is noise?

MR. ALEXANDER:

We noticed that all of the shifts were in the same direction and were able to
note that it was a mechanical thing that took place out there. Obviously, if such a
mechanical thing had taken place, we would have some tension, some compression. All~of these are in the same direction.

MR. NORMAN:

It occured on the 40 gages, too, at the same time.

MR. MAGOON:

There was no shock, no small earthquake, nothing like that ever occured?
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MR. NORMAN:

No. They were all constant in amplitude. That little shift was constant. If we
were measuring a dynamic motion, it would have had some kind of variation in it. It
was just a shift, flat, and heard on 40 gages.

MR. ALEXANDER:

Stayed there several hours.

MR. NORMAN:

Whenever I see that, I think it's not real strange.

MR. LILLEVANG:

Does that mean you don't have any data for those hours that the shift
persisted ?

MR. ALEXANDER:

I think the data were still right on top of the DC shift, and yes, I think we still
would say we have-them.

MR. LILLEVANG:

So you have to make a judgement as to what the shift is in order to find out
what the strains are.

MR. ALEXANDER:

We should make the comment that even if we considered it was a real
mechanical shift, it would still be insignificant. The strains were so small that we
would have had to get up at the ultimate strain capacity of the material to produce
any problems. We felt it's still insignificant strain, even if we consider it to be a real
mechanical strain.

MR. NORMAN:

You're still not going to have more than 10 microinches per inch.

MR. LILLEVANG:

I have another question then. When you were describing the sensing of
temperature as it grew and subsided, I didn't see whether or not you had data there
with which you could take a temperature transept and show us what the variation of
temperature was with depth from surface to intercenter of shape.

MR. NORMAN:

We have about a maximum of one cross section, I believe, of nine points.
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MR. NORMAN:

In terms of plotting--we can plot a thermal contour plot on the cross section.

MR. LILLEVANG:

Have you done that?

MR. NORMAN:

No, sir, we have not yet.

MR. LILLEVANG:

What would you expect to see if you examined the data?

MR. NORMAN:

We expect to see a larger temperature near the center of the axis of the
section and then, going off, the smaller temperatures near the outside. The internal
restraints that that provides are apparently causing no thermal strains or related
strains of any real consequence.

MR. ALEXANDER:

We were going to plot the gradients, but we didn't have enough strain to make
it worthwhile plotting. We would have to have got some strains to be significant in
order to link it to the gradients, and we didn't have any so we didn't plot the
gradients.

MR. LILLEVANG:

Applying the best estimate you could make of what the effective strain
is--effective on the whole length of the shank--and taking your unit values and
extending them to the length of that shank, what do you end up with as the actual of
changing length?

MR. NORMAN:

I don't know. Ten microinches per inch times--how tall is the--

UNIDENTIFIED SPEAKER:

One hundred eighty inches long.

MR. NORMAN:

Well, ten times ten to minus six times one hundred eighty. I don't have that
number, but, again, I think that's an extremely small--

MR. ALEXANDER:

One mil. Approximately one mil.
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MR. NORMAN:

One to two. We didn't see anything that looked suspicious or of concern in
terms of magnitude of these strains and the temperature. They were as we expected
also.

DR. LIGTERINGEN:

I would like to ask if you can provide some more details about the cement mix
and ratio in that.

MR. NORMAN:

I don't have that. We can get a detailed mix design, I'm sure. Mitch, can you
say any more about that right now?

MR. ALEXANDER:

You're asking for the mix design?

MR. NORMAN:

Any more detail concerning the mix design? It was a 0.42 water to cement
ratio.

MR. ALEXANDER:

I don't know what it was.

MR. NORMAN:

I will get you some details of the mix design.

MR. MAGOON:

Could I add one point? It seems to me it would be important to find out what
caused the ground shift at the experiment you did here and whether it takes some kind
of isolation or whatever. It seems it would be a very important point not to have it in
the prototype or the ones that you install later.

MR. NORMAN:

I think that is an obvious thing we're always looking for, and I think it's easier
said than done. I'm not an experimentalist from that standpoint, but I know we've
always had various problems with shifts in signals that are not real data.

MR. ALEXANDER:

It's a common problem in instrumentation. We have had to watch shields and
watch connections, and a lot of times wa have to spend a good bit of time trying to
get our instrumentation correct before we gec rid of these ground problems. It turned
out that the numbers we were measuring were large enough so this shift didn't occur.
What we were measuring was actually the thermal expansion. These numbers were large
compared to this ground shift that occured, so we were printing out the data at the
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compared to this ground shift that occured, s-' we were printirj out the data at the
same time, all the time. We were getting the data printed oui on a paper tape. The
thermal expansion is so much larger than this ground shift that we didn't even notice
that anything unusual had occured. It wasn't until we came back to the lab, took out
the thermal expansion and got these small strains that the ground shifts showed up as
being significant data.

MR. MAGOON:

We found that with instrumentation we had in San Francisco Bay and also, I
believe, at Crescent City, that the effect of radar in close ships seemed to affect our
instrumentation. It would get what you're calling a ground shift. It just went up at
some point and then produced some sort of voltage on the system that it saw. We could
see when it was turned on. The radar seemed to have quite an effect.

MR. NORMAN:

We had a problem like that in a project in the Panama Canal. We were
measuring some strains in the locks. Ships would have communications coming through
the locks that would foul up our instrumentation.

.i5
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ON THE RELIABILITY OF RUBBLE MOUND BREAKWATER DESIGN PARAMETERS

Hans F. Burcharth
Department of Civil Engineering
University of Aalborg, Denmark

1. INTRODUCrION

The recent failures of major rubble mound breakwaters has taken many professional engineers by
surprise. Is it really possible that we do not have a reliable design method - after hundred years
of breakwater design and construction and also intensive research for the last 20 years? The an-
swer is yes. The state of the art and the design tools are not satisfactory compared to those avail-
able in other branches of civil engineering such as for example structural engineering.

I shall try to explain the difficulties we are facing in breakwater engineering, especially for rubble
mound breakwaters, ,y summarizing somhe of the uncertainties we have to deal with in the design
process. A good overview of the uncertainties and the related consequences is of paramount im-
portance to the designer. Without such knowledge it is impossible to evaluate the safety of a
structure - a situation that is unacceptable for a professional engineer.

It is important to point out that the damage to a breakwater never depends on one single parame-
ter such as for example the wave height. Moreover, the time history (duration) of the impact is of

S.. importance. This means that a discussion of uncertainties in breakwater design really should be
based on the joint probability density functions of the involved parameters supplied with statisti-
cal information on the related persistance.

The following presentation is not in accordance with this since each parameter is treated separate-
ly. This is done for the sake of simplicity and also because it will still serve the main object of the
presentation.

2. BASIC NEEDS IN DESIGN

For most civil engineering structures (buildings, bridges etc.) it is possible to design and
check the structural performance by means of theory. This is because many years of re-
search and experience have established the prerequisites which are

" Information on size of all major types of loads, often stated in standards as cha-

racteristic maximum and minimum values, which again are based on information

of the statistical properties such as mean, standard deviation and frequency

distribution.

" Information on the structural response to the loads, implemented in formulae

which are in most cases the outcome of theories based on basic physics, but are in

some cases more or less empirical.

Both loads and the response to those loads are known quantitatively to such an extent
that meaningful safety factors can be specified in the various standards.

Although this is well known to all professional civil engineers, it is deliberately mentioned

here as a reference for the following discussion on rubble mound breakwaters, for which the

situation is completely different.
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3. ENVIRONMENTAL LOADS

31 Wav

The idel situation, depicted in Figre 1. where both short term and long term wave stati-
stics can be established from on-the-sate records almost never exists.

AMP ITUDE RECORDS PI WER SPECTRA CHARACTERISTIC WAVE PARAMETERS

W e V....A. .. . . . ..... correctio,, for
V smilw dier

elfects etc

m0 '- ml) H,, . ..............

O ..

LONG TERM (EXTREME) STAT!STICS

DESIGN WAVE CLIMATE

PRELIMINARY DESIGN CALCULATION OF ARMOUR STABILIY ETC

MODEL TESTS OF PRELIMINARY DESIGN

FINAL DESIGN

Figure 1. Ideal procedure for the establishment of desigi waue climate.

Usually one has to establish design wave conditions by hindcasting from meteorological
observations and/or some wave records covering relatively short periods. In some areas visual
wave observations from ships are available too.

It is clear from this that it is not possible to get reliable statistical values for all the wave
parameters of importance. These ae wave heights H, periods T, spectral shape, groupiness,
direction of propagation and duration of storms.

Let us examine the wave height. This is generally the most important parameter since

cover layer stability in terms of block weight is more or les proportional to the wave height
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in the third power. The uncertainties in the determination of extreme wave heights may result
from the following sources:

A. Errors in measurements, visual observations or hindcasting of the wave data on which
the extreme statistics are based.

B. Errors related to extrapolation from short samples to events of high return periods, i.e.

low probability of occurrence.

Errors due to the choise of exceedence level.
Errors due to the miethod of fitting data to a chosen distribution.

C. Lack of knowledge about the unde-lying distribution for the extreme events.

D. Errors due to plotting positions.

E. Climatological variations.

ad A. Errors in wave data

Le Mehaute et al., 1984 discussed the uncertainties and systematic errors or bias related to the
wave data under the assumption of errors being normally distributed. They reported the follow-

ing "typical" normalized standard deviation a' defined as the absolute standard variation divided

by the expectation ("mean") value of H.:

Direct wave measurement oM a 0.05 bias 0.00

Visual observations from ships v - 0.20 bias 0.05

Hindcast (excluding hurricanes
and other tropical storms) 0, -0.15 bias 0.05

It should be noted that the two last set of figures are applicable only when the sample popula-

tions are ranked statistically. A direct comparison in the time domain, i.e. comparison of indivi-
dual sea states, generally shows larger discrepancies. Moreover the figures are average figures. For

instance it is believed that wave data based on to-day's most advanced hindcast models applied to

relatively restricted areas, such as the North Sea, where high quality weather maps are available,

will show a smaller uncertainty.

ad B. Errors due to short samples.

Estimates on events of low probabilities are often performed in the following two different ways:

1) The extrapolation of data from frequent measurements or observations. The data are
often compiled at intervals 4t w 3, 6 or 24 hours, which gives a large sample, N events,

even in the case of a short time of observation or record length Y in years. The order of
magnitude of N is often 1000. 10,000.

2) The extrapolation of relatively few data sets representing the max significant wave

height H. for a number of storms exceeding a certain level, H;. The data are often de-

termined from hindcasts and the sample size N is typically within the range 10 - 30.

Wang et al., 1983, examined the uncertainties related to the first method. They considered the
long term distribution of H. to be of the exponential type which also includes the often used

Weibull distribution,

HS -AYP(HS) i P[H < Hal - 1l-exp( -( B ) ) (I)

where A is signifying the background noise level or lower-bound. B is the scale parameter and -f is
the shape parameter. All three characteristic variables are normally determined by best fitting to

the observed data.
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Assuming the data asymptotically normally distributed about the underlying probability distribu-
tion function, eq (1), the authors obtained for large N the normalized standard deviation,

- ._L.. .. o ,~(2
*7 ln(R P) Y

wher R is the return period in years, P is the number of observations per year compiled at inter-
val at and Y is the number of years of observations. Formula (2) is valid only for low proba-
bility levels and only for large samples N - vY of uncorrelated data. The latter implies that At
should exceed approximately 24 hours, but because of little sensitivity on the confidence bands
for H. smaller values, as for example at - 6 hour, are often used.

~Example.

Taking R - 50 years, Y - 5 years, j; - 365 observations per year and -f 1.2
gives o' 0.27

Changing R and Y to 100 years and 3 years respectively
4 gives o - 0.46

The second method mentioned above is relevant to situations where data have to be obtained
from hindcasting, which, due to the coats involved, restricts the number of data.

Rosbjerg. 1981. considered this case, where only maximum values n of H. for independent storms
exceeding a chosen level H, are taken into consideration. cf. figure 2.

~Figure 2. Data reduction by application of exceedence Ieuel. If ,

Rosjeg ssmedal te xcedece - H ' flo h xoeta rbblt itiuin
~PIH,) a; P[q < H.) - 1 - exp(- 0(1)

which is of the same type as the Weibul distribution, eq (1), with 7 - 1.

The author also assumed the events p to occur at times corresponding to a Poisson-process with
time dependent intensity. He arrived at the following expression for the R-year event defined as
the value of n, which in average is exceeded once every R years,

HS W H; + * I R (4)
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The corresponding absolute standard variation is

0 6 0 a ( I + (n v R ) ') - (5 )

and the normalized standard deviation consequently

+ (1 +0nvR)2).

HS Hs' + lnvR (8)

The mamum likelihood estimate for a is
- v- H' (7)

where i means average of n.

Nielien et a., 1985, extended the analyses to include the WeibuLl distribution

P(H1 ) " Pin 4 Hs) - I -ezp(- - H;') (8)

and found the following

H, - H' + a (Inv R) (9)

£1y r_.2 2: r(1 + ) 2, 10.5

--() 42 (nvR)' In(In R))2 Var j I -)S (10)
(1+-

is the average number oi data per year and F the Gamma function.

The vannce of ", Var I I, cannot easily be estimated, but by means of numerical simulation it is
found that the term in (10) containing this quantity is highly dependent on the method for esti-
mating the paramcten in the Weibull distribution.
Petrauskas and Aagaard, 1971, found, by using a least square method, that the last term in (10) is

) insignificant. In this case the normalzed standard deviation is

40)1

- .(lnR - |+~.+ (mu R)2

H H;( + a) (I R"

Nielsen et al., 1985, fitted th eibull parameters by the method of moments, i.e. e ,uating the
first three moments of the distribution to those of the data, and found that the last term in (10)
was of significance, namely in the order of 1/3 of the total standard deviation. The estimates on
the parameter by the applied method of moments are given by

['(14 3) -3r(1 +~ 2~ r (1 + 4)- 2r2 (11 ) t' ._ -)2);T7) (12)
(r(1 + r)r (1 + T( 71 2( 77), 3i2
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(13

-r 1 (14)

2 and mean the average of sample values of n' and ri~ , respectively, which are unbiased esti-

mates of El 01 andE 3  .
It should be noticed that the R-year event given by eqs (4) and (9) has a probability E of being

equalled or exceeded in the specific lifetime L of the structure. For instance, if L is set equal to

the return period R, this "encounter probability" E is as large as 63%. The relationship between

R, L and E is given by

E_ -(- or in case of It large R =  InL--15

For design purpose R in eqs (4) and (9) should be evaluated with resnect to E and L through eq

(15). For example in a 50 years lifetime there is a 10% probability that the structure is hit by the

500 years' return period storm.

Eqs (6) and (11) make it possible to determine the necessary sample length when a prediction for
a given return period with a prescribed accuracv and confidence is required. Following the nor-
mal distribution the products of a, with 0.84, 1.28, 1.65 and 2,32 define the upper bound of

spread corresponding to a confidence level of 80%, 90%, 95%, and 99,%, respectively. For in-

stance, the prediction of an event with 90% confidence and an uncertainty of no more than 0.20
imply that 1.28 a' 4 0.20. Inserting this in eqs (6) or (11) gives the corresponding number of
years of observation Y for given v and R.

Example.
The accuracy of estimates baied on a restricted number of hindcasted data sets might be

illustrated by the following example. The Delft Hydrau.L'rs Laboratory did a hindcast study
for a specific deep water location in the Mediterranean Sea and found for a 20 years period
the following 17 most severe storms, Table 1:

Table 1. Example of hindcasted storm wave data for a 20 years'perod.

Rank Max HS (-) Peak period TP Average wave direction

metres seconds uegrees

1 9.32 14.0 143

2 8.11 14.1 139

3 7.19 13.4 123

4 7.06 10.8 123
5 6.37 11,9 143
6 6.15 11.1 185

7 6.03 12.3 135

8 5.72 10.5 176

9 4.92 10.7 150

10 4.90 10.6 129
11 4.78 11.8 161

12 4.67 9.9 120
4.64 9.2 122

14 4.19 10.5 137

15 3.06 11.1 154
16 2.73 8.2 153

17 2.33 8.3 126
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If we choose H' - 4.0 m we find N - 14 storms exceeding this level over a period Y -20 years,
which gives P - 14/20. According to eq (7) a can be estimated to & - 2.00 m. It can now be test
ed if the data follow the assesed distribution, for example the exponential type given by eq (3).
In this case a Waght line with slope 1:1 should be obtained by plotting Ili - H'. against

- & ln(1 - P(j,)), where P(js) a 1 - + ,1 ' (Gumbel plotting positions). Figure 3 shows that.i~~~ +n 1 l l
the fit is reasonable.

-4C In ( ) m

6 0

3

2

0 i 1'. lom , 4.a A
0 1 2 3 4 5

Figure 3. Test on exponential distribution of wave height exceedenees.

Formulae (4) - (6) are then valid and the expectation values and the standard deviatiois can be
calculated for various return periods, for instance

Return period R HS  as  o' 0
years metres metres

50 11.11 1.97 0.18

100 12.50 2.33 0.19

Note that a change in the exceedence level H' for example to 3.50 m. which still gives N - 14,
will change H, and 7, signicantly since for R - 50 years H, -12.39 m, a, 2.47 ms, a' - 0.20
and for R - 100 years HS- 14.12 mn. o, = 2.92 m, a' - 0.21 a. This important problem is not dis.
cussed further here. 'N,

It is obvious that the 14 data points also fit a Weibull distribution. -

If all the 17 data points given in Table 1 are con.idered, it corresponds to a exceedence level of
H' L 2.25 m because the lowest value in the data set is H1 = 2.33 ms. It turns out that in this case
the data do not fit neither the exponential distribution. eq (13), nor the Weibull distribution, eq
(8). However, if the exceedence level is not interpreted as the physically true cut-off level, but is
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regarded a fitting coefficient only, like a and -1, then the 17 data points follow the Weibull distri-
bution very closely, as demonstrated in Figure 4. The coefficients &re in this case H' 0.73 m.
a a 5.27 m and 'y 2.80, all estimated by the method of moments.

! In( -Inl - p (1I

!0
.2

3 Ow Intr, -0.731
S 2 3

Figure 4. Data fit to the Weibull disribution. Gumbel plotting positions.

From eqs (9) - (11) we obtain the following corresponding values

Return period R HS 01 0;
years metres metres

50 9.19 0.88 0.10
100 9.71 0.97 0.10

The Weibull distribution shown by the straight line in Figure 4 is a result of the chosen method
of fitting. A least square fit or a visual fit will produce different Lines and different estimates on

the extreme events.

Thus it is concluded that also the choise of exceedence level and the method of fitting the data to
a chosen distribution introduce uncertainty on the estimates of extremes;

ad C. and D. Errors due to the lack of knowledge on the true long term distribution and due to
plotting positions.

Several probability distributions are used to describe extreme wave height statistics. These in-
clude for example the log-normal distribution, the eitremal type I or Gumbel or Fisher-Tippett I
distribution, the extremal type 11 or Fretchet or Fisher-Tippett 11 distribution, the Ward-Borg-
man distribution and the extremal type III or Weibull distribution. Although each of these distri-
butions has a theoretical base, they cannot be evaluated and related to the extreme waves on a
physical base. As a consequence they are only fit to the available data. Most often the scales used
for the plotting are such that the chosen distribution lies on a straight line, simply because of the
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mor convenient visualization of the extrapolation. However, when extrapolatin, one should al.
ways be aware of possible physical processes, such a for example wave breaking, which might in.
temupt the probability distribution at some probability level.

It follows from these comments that due to unknown extreme distribution errors can only be
estimated by a sensitivity analysis in which various distributions are fitted. Table 2 shows such an
analysis by the Delft Hydraulics Laboratory performed on the wave data given in Table 1.

Table 2. Example of influence of choiu of extrenal distribution and plotting position on low .
probability wave heighta. Data by Delft Hydraulics Laboratory.

Extremal Plotting Correlation Return period H
distribution position coefficient 50 year 100 year

Type I Gumbel 0.9875 11.0 m 12.2 m
Gumbel

Gringorten 0.9852 10.3 m 11.3 m

WardlBorgman Gumbel 0.9872 9.8 m 10.5 M

Gringorten 0.9920 9.4 m 10.1 M

Type I1 Gumbel 0.9877 9.6 m 10.2 n
Weibull

Gringorten 0.9877 9.3 M 9.9 rn

Although no accurate figures can be given it seems reasonable from this table and the above given
example based on the distribution, eq (3). that due to unknown extreme distribution a nor-
realized standard deviation a might be in the order of

6 a 0.05 - 0.10.

In order to plot the data a position formula must be adopted. Many different plotting positions,
all based on some statistical considerations, exist, but it is not easy or possible to select a specific
one as the most correct. For this reason it is reasonable to estimate the error due to plotting posi.
tions by senstivity analyses involving a number of reasonable plotting rules.

Table 2 gives an example where only two plotting rules are used, namely

GmbellWeibull P(17i)" (1i
N + 1

and i -0.44
-Gringorten I = 1 - 0.44 (17)

' ' N + 0.12

It is seen that significant deviations in the estimated extreme wave height occur due to the plot-
ting rules. It is believed that a realistic normalized standard deviation a on extreme evenL3 will
be in the order of

a; 1 0.05

65
pr

. . .6.5 . .

5- 

l. . .. . . . . . .i.. . . i. . .i . . . * '" i. .. . .. .. ... . . . . . . . i. . .. i. . .. i. . . .



ad F. £rmm due to cUmntologicWu1arattonL

An additional source of uncertainty is the natural variation of the wave climate. Le Mehaute et

&L, 1984, considered this difficult problem under the assumption of the natural climatology being

ergotic and stationaWy and governed by the statistical law of Weibuil distibution. By setting Y -

R in eq (2) they found that the normalized standard deviation of climatological variations in R

years at a particular location is given by

1 n(18)

If we for instance estimate -f a 1.2 as proposed by the authors we find for v r 365 and R 50 or

100 yearsaF a 0.08.

Combined erros.

The above mentioned sources of uncertainty can be assumed mutual independent except for an

unknown but probably weak correlation between the climatological variation and the data

samples.

The total normalized standard deviation might then be estimated by

' + ( - + r+ (19)

With reference to the foregoing discussion one can establish the following two examples:

Examples.

Direct wave height measurement. v - 365 observations per year. Y 5 years. R 50 years.

a' a! (0.05' + 0.27' + 0.071 + 0.051 + 0.08' )0.5 =0.30

Hindcasted wave heights. 14 data sets over Y - 20 years. R - 50 years.

a' a (0.151 + 0.181 + 0.072 + 0.052 + 0.081 )0 0.26

From this it is seen that, even with what is generally regarded reasonable lengths of data sample

and observation period, the uncertainty related to the 50 year event is significant and in the order

of a' a 0,25 - 0.30. If we assume normally distributed random varibles it means a 16% probabili-

ty of the wave height being bigger than 1.25 - 1.30 times the estimated height.

The uncertainty increases significantly when the lengths of data sample and the period of obser.

vation are reduced to figures below those given above.

The difficulties in bbtaining reliable estimates on design wave heights might also be illustrated by

the following example from the Norwegian Ekofisk North Sea offshore field given by Professor

Terum of Norway.

In 1970 the 100 year design wave height was estimated to be 19.6 m. In 1972 it was 23.6 m. in

1971 28.0 m; in 1981 up to 34 m. And finally in 1984 the estimate was 28 m with an uncertain.

ty of approximately ± 15%! This big uncertainty exists despite the large resources spent on wave

recordings, wave statistics etc. in this prospective offshore area. These resources are much larger

than those available for the design of breakwaters.
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It is not only the wave height that is of Importance but also

" the wave period

" the spectral shape

" the horizontal, directional spread of the wave energy / short crestedness of the waves

" the groupiness

" the direction of the propagation

" the duration / time history of the storms

Therefore the uncertainty related to the estimation of these parameters should also be evaluated.

It takes a lot of work and research to perform such an analysis, also because generally it is the re-

liability of the "joint parameters" which are of interest. This problem is not discussed further

here. However, it is obvious that it all adds to the uncertainty on design wave climate estimations.

If the breakwater is in "shallow-water" and the wave data are from an offshore location then we

have to include the uncertainty related to shallow water effects such as:

" Refraction, i.e. change of wave direction and wave height due to oblique wave ap-

proach.

" Shoaling, i.e. change of wave height and wave length due to water depth variations per-

pendicular to the coast.

" Wave breaking, due to instability by decreasing water depth.

" Wave set-up, i.e. change of the mean water level due to changes of the wave radiation

stress.

Besides these effects we also have:

* Tidal water level variations.
* Barometric pressure variations.
9 Wind set-up, i.e. wind induced change of the mean water level.

* Seiches.
• Currents.

The uncertainties related to all these parameters or phenomena are in general not well established

except for tidal water level variations. Consequently a quantitive discussion on uncertainties is

not possible. However, in the next paragraph we shall evaluate the importance of reliable data by

a sensitivity analysis of the structural response to some of the parameters.

It has often been pointed out that estimates on design waves are much more reliable in shallow

water thaa in deep water due to the depth limited wave heights. This is true but it should be

mentioned that no wave theory exists which can predict with good accuracy the absolute wave

height distribution and maximum wave heights in shallow water with breaking waves. Moreover,

it should not be overlooked that the water level is also a very important parameter when break-

waters ae designed for a certain amount of overtopping.

Another point which should be stressed is the sensitivity of shoaling/ wave breaking to variations

in the sea bed profile. This is illustrated in Figure 5, where the wave heights of the incoming

waves at the toe of a breakwater are deterrained for four different foreshore bottom profiles. The

breaker index T rudefined as the ratio of the max significant wave height, Hm" and the water

depth, d at the toe, is also given in the figure together with the breaker index -f H related to

the maximum value of wave heights, exceeded by 1% of the waves.
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Figure 5. Example of sensitivity of depth limited wave heights to differences in foreshore

bottomprofiles. Delft Hydraulics Laboratory.

N 68

'13 C. JX



The wave heights was determined by DHL in wind-wave flume model tsts without the break-
Wate.

It is wen that a good estimate on the wave height in front of a breakwater in shallow water must
be based on model tubt with a corret reproduction of the foreshore topographiy. This means
that in cuse of uignifiantly varyin bottom topography along the breakwater it is necessary either
to teat many sections or preferbly to teat the hole structure in a three -dimensional model.

4. SENSMTVIY I IShUCRAZ. RESIONSE TO THE ENVIRONMENTAL LOADS

The Wowing is not intended to be a complete discussion as only a few, but important, prob-
lems will be discussed.

4.1 Hydrau~i etabity of thea armour layer
The difficulties related to a purely theoretical stability analysis might be illustrated by consider-
ing the forcm on an armour unit, seve Figure 6.

AESULTING

REAC71ON IN
CONTACT INITS

FLOW FIEL uuyzt)

GAAVIV FI.gg.L- i) d1

FORM DRAG. F0 F iCv 9.d 2 juI u

SUJRFACE DRAG. F.S~C 2 Cu 

LJFT F..CL gw&~ul

INERTIA. P'ROUOE KRVLOV- F1-CI 9. d~U'(pressurv grod undisturb flow)

INERTIA. AOO b4YDROCYN. MASS FwxCng.d u'(Ch~flgt o flow field by the bod&i

COEFFICIENTS C art furictions of Krulcgn- Corpenter No and Ptr No and will

vary consdwioby in time*

Figure 6. Forces on armour unit.

As a zonsequence stability formulae are seznietnpirical and formulated as an equality between a
characteristic drag flow force and the stabilizing gravity force multiplied by unknown functions
to takt care of slope angle, friction, interlocking, wave period etc.
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The various formulae show that the stability in terms of required mass, M of the armour unit is
more or le proportional to the wave height in the third power. This very strong dependence put
emphasis on the need for precise estimates on wave heights. This is depicted in Figure 7, where
the relative variation of M in the range H i a (H) is shown. o(H) is taken as 0.3 1I, cf. paragraph 3.

UN

1.0

Figu-e 7. __________

Influence of wave height, H on required a 1.s I 1.o .s

mas. M of armour unit.

The armour iayer stability is also affected by the wave period T, but the variation with T is gen-
erally found to be much weaker than the variation with H. However, Gravesen et al. 1979 found
a strong influence and proposed that the wave period is taken into consideration by using H L
in the stability formulae instead of H. L is here the wave length corresponding to the spectral
peak period Tp. As L is more or less proportional to T' this implies a dependence of M on T

as schematized in Figure 8. As a characteristic standard deviation is chosen 0 (TP) = 0.15 TP.

Gravesen et al.'s findings are related to an armour layer of cubes with slope 1:2 but surmounted
by a vertical wave wall, which affects the stability in the case of larger wave.

Figure 8.
Influence of peak period on required . .

mass. M of armour unit as propos-1 by Q . Y, ,

Gravesen et al., 1979. -r ,, ,.,,
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A somewhat Weaker but sill signicant dependence was found by Burcharth, 1979 in stability
tests with Dolose armour exposed to regular waves, Figure 9. The same reference also shows that

rnm-up increases sig ctly with the wave period.

Figure 10 shows a replot of stability tests in regular waves with uniform stones, Dai & Kamel.

1969 and rip-rnp. Ahrens 1975. It is seen that the stability sensitivity to wave period is small in
the case of undorm stones and large, but with opposite trends, for rip-rap.

IO.o,

0

/
_* /

Figure 9.
Example of influence of wave periode on
required mans of Dolosse armour units. .:

Tests in regular waves. Burcharth, 1979.

.. I

got 4 119NI CCRC in

Figure 10.
Examples of influence of wave period on
required mass of uniform armour stones

and rip-rap. Replot of data from Dai &

Kamel. 1969. and Ahrvn. 1975.
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In Fq= 1I the data re normalized wih respect to = 3 for easy mutua comparison of the
wave period sensitivity. t- 3 is a characteristic average value for rubble mound breakwater design
wave situationL. It is seen that an uncertainty on T (for example o'(T) - 0.15) around the value
Tr.3 only gives relatively small variations on the required mass M.

This is soniewbat contzadictory to Figure 8 but might be explained by the influence of the wave
wall U explained above.

Figure 11 also shows that the larger the porosity of the armour layer the more vulnerable the ar.
mour is to large wave periods (Dolos armour has the largest porosity and rip-rap the smallest).
This is due to the "reservoir effect" of the pores as explained in Burcharth et at., 1983. A stabili-
ty minimum seems only present for the relative impermeable rip-rap.

Note that the data in the Figures 9, 10 and 11 are from tests with regular waves.

o //-
IARYICQ ST!SES~.Cti 5

................
A; / ' 0

QE'.EVANY RANGE PO

12URBLE MOU$0 OEAKWATE

Figure IZ. Example of influence of wave period on required mass of armour units and rip-rap.

Regular waves. Data normalized with respect to the estimated values

T r .3 and i r 3 corresponding to T(- g ,' tan a-.

1%

The examples show that the effect of the wave period on armour stability is not clarified in

general.

4.2 OVERTOPPING

The design conditions are often related to overtopping of the breakwater. This is the case where
roads, reclaimed areas, berths, installations etc. are located behind and close to the breakwater.

Overtopping is very sensitive to variations in wave height and mean water level. Besides this also
variations in wave period, wave direction and wave shortcrestedness affect the overtopping.

The sensitivity to the wave height can be illustrated by the example given in Figure 12, which
shows some scale model test results from a rubble mound breakwater with a wave wall.
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Example of sensitivity of overtopping to
wave height. Delft Hydruulics Labora- ,-ES. o- ___ . T , ,
tory. Sea bed profiles refer to Figure 5.

It is seen that the overtopping, Q increaes exponentially when the wave height exceeds a certain
value. A 10% increase in HS can easily cause doubling of Q. The exponential growth of Q with H.
usually makes logQ a linear function of H1.
Based on different scale model experiments Jensen et aL., 1979, presented a more general descrip-
tion by means of the pauan~eter3 QT 2 IB *

- and H5 Iah. T2 is mean zero crossing wave period, B"
is a representative horizontal dimension and &h is the vertical distance from still water level to the
top of the crest or wave wal. By introducing Ah also the influence of water level is taken into
account. Figure 13 shows an eample given by Jensen et al.

Figure 13 cleaxly shows that even small variations in the still water level might cause significant
variations in overtopping.

*1-0 SPEE

10S BOA ' htOSQ-TT)T~

0" ! . I ,£+ - N-- ,
0 0.2 of 0.6 0.8 4h

Figure 23. Example of sensitivity of overtopping to wave height and still water leuel. Jensen et
al., 1979.
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Until to day nearly ali breakwater model tests have been performed with un1-directiona (2-D,
long c ted) waves. However, in nature the waves are directional (3-D, short crested) with hori-
zontal spred of enera.

It is generally believed that 2-0 waves is a good approximation to natural waves in shallow water
due to the tafraction which tends to make the waves long crested. However, Thunbo et al., 1984,
found from a scale model experiment with a stone armoured breakwater with slope 1:2 in shal-
low wate that 2-D waves caused 30-50% more damag than 3-D waves. This compares approxi-
mately to the necessity of a 40% incrzsm in armour stone weight when going from 3- D waves to
2-D waves at the same damae lveL Figure 14 shows some of the results.

7 - 2-0

0 0. 6 0.8 1, 0 1.2 INCIDENT ENEPRGY -

Figure 14t xample of comparison of 2-D and 3-D wave effects on stone rubble mound break, '
wate. Thumbo et aL. 1984.N

Shutler of HL, Wallingord reported from similar tests that no significant difference in 2-D and
3-D waves were found (scatter in the test results blurred possible dfferences).

It is concluded that the is still great uncertainty about the effect of wave directionality.

4.

S. MODEL TEST,

Model tes are still necessary for practically all breakwater designs that depart from the very
smple ideal design often tested in bsm model studies of armour stability.

The reliability of model tests is therefore a question of great importance.

5.1 Reproduction of waves and datis processing

The first point to discuss is the uncertainty related to the generation and analysis of laboratory U
waves. This problem was investigated by an IAHR Working Group, which was chaired by Joe
Poeg of Canada. The goup consisted of representatives from some of the large hydraulic labora.
tories. Each laboratory performed the same experiment on a breakwater with the crest at MWL
and exposed to some pre-speciled waves. The wave climate in front of the breakwater and the
water level variations behind it were recorded and analyzed. The results from the various labora-
tories deviated significantly and it was only after a great deal of thought that the reasons for U-.
these variations were explained. It turned out that the discrepancies to a gieat extent were due
to differencies in the processing of the recorded data.
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5.2 Scutter in test data

Another problem in model testing in the scatter in the test data signifying the response to the
waves. This can be illustrated by some stability tests performed at the Umveruity of Alborg with
a Dolose armour layer having a slope of I in 1.5 and exposed to irregular waves. For each of five
different significant wave heights, H8, 15 tests with identical wave trains were run with the ob-
ject of studying the movements in terms of rocking and displacement of Dolosse. Very careful
vuual observtiorns were made simultaneously by four people each covering a ,mall area. A mir-
ror system was used to obtain reliable observations in the splash and underwater zones. Each test
was run for 20 minutes corresponding to approximately 1200 waves.

Some test results are shown in Figure 15, which illustrates the observed scatter related to the
number of rocking and displaced blocks. These two modes of movement are relevant to the me-
chanical integrity of the blocks and the hydraulic stability of the armour layer.

Although direct recording of stresses in and!or recording of speed/acceleration of the blocks are
much better than visual observations, the diagrams clearly illustrate the fact that reliable esti-
mates of stability can be obtained only when tests are repeated several times. This is a fact which
should not be overlooked.

It means that it might be necessary to apply a large safety factor if only a few tests are carned
out, or to spend a lot more money performing many more tests than is normally the case at the
moment. This is especially true for the complex, fragile types of armour units since it is seen from
the Figure that the normalized standard deviation a/J for the numbers of displaced units is very
large for small degrees of movements or damage corresponding to the design criteria for such
units.

For large degrees of damage, i.e. failure situations, the scatter is reduced.

It should be mentioned that separation of rocking and of displacement in the "two" diagrams is not
entirely meaningful and should be avoided in design diagrams. It is also important to remember
that the scatter (e.g. in terms of the standard deviation) is dependent on the size of the test sec-
tion.

5.3 Scale effects

The reliability of breakwatcr scale models has often been and still is seriously questioned and in
most cases exclusively with reference to scale effects (thus forgetting the afore mentioned points).
All scale models involve improper representation of some forces simply because only two types of
forces at a time can be represented to scale. Therefore the question is "how much" is the model
biased.

The two dominating forces in wave action models are gravity and inertia forces. Considering only
these two types of forces the Froudlan model scale law used for breakwater models ensures dyna-
mic and kinematic similarity of the scale model and the prototype. Consequently viscous forces
and surface tension are not reproduced to scale.

Viscowi effects
For a wave exposed breakwater the flow is extremely unstendy. In some parts of the porous
structure the flow will be turbulent or laminar all the time but in some part intermittent between
the two flow-regimes, as discussed by Burcharth 1983.

The turbulent dragforces will scale lile the inertia forces, because the viscous contribution is in-
significant.

The flow-regime in granular structures is usually charactEized by a Reynolds' number defined as

R-Vd ,(20)

Vd
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where V is a characteristic flow velocity, d is a characteristic hingth and P the kinematic viscosity
of the liquid. When evaluating the unsteady flow in breakwatez it has become a tradition to use
a constant figure for V which, more or less, is the maximum particle velocity of the incoming
wave, i.e. V ft %g H)U wheoe g is the gravitational constant and H is the wave height. d is usually
taken as a typical diameter of the armour units/filter layer stones/core material, thus characte-
riuing the width of the flow channels.
The primitiveness of this approach is obvious, but it is difficult to come up with an alternative
which is both meaningful and simple.

Many researchers have studied viscous sWale effects in breakwater models and the state of the art
might be summarized as follows:

" No "significant" scale effect is observed in the "hydraulic stability" of the armour
layer it R ;P 1 - 3- 10' (d being a characteristic diameter of the armour units) and if
the filter stones and the core material are geometrically to scale.
However, it is important to notice that this statement is conclusive only in relation to
mechanically strong armour units such as for example natural stones and concrete
cubes. For the more fragile, complex types such as Dolosse and Tetrapods a scale ef-
feet which is not identified from visual observations of armour unit movements in the
model might, When transferred to prototype, cause a very different amount of break-
age. Timco et al., 1984, investigated this in some tests with Dolosse units with correctly
scaled mechanical properties. They found that the influence of core permeability on
the breakage of the Dolose was-very dependent on the-geometrical scale. . ,

" Run-up and overtopping are affected also by the poronity of the filter layer and the
core. It has not been properly investigated how much changes in the size of the stones
in order to obey the Reynolds' criteria stated above will bias run- up and overtopping.

" The reflection of waves from a breakwater scale model is practically independent of
the permeability of the core, Timco et al. 1984.

" There is evidence that ultimate failures of rubble wound structures armoured with
strong units can be studied with great accuracy in scale models. This statement is main-
ly based on a comparative study by DHI, Jensen et &L. 1985, of the failure of the
Thorshavn breakwater in the Faroe islands. This study is significant because of the
availability of the prototype records of the waves in front of the breakwater through-
out the damaging storm. The Reynolds' numbers in the model were about 4. 10' for
the armour stones and about 5 '103 for the quarry run which eventually was exposed
to the waves.

* Very Uttle is known about scale effects related to the flew and the pore pressure in the
more impervious parts of the breakwater such as the core (and the seabed if of sand).
This means that for example uplift forces on concrete cappings and geotechnical
aspects such as slip-circle stability and settlement cannot 4e prc perly evaluated in a
scale model at the momekt.

Swface tension effects
The surface tension determines the amount of entrapped air in breaking waves. As a consequence
scale effects are present in scale models of forces from brcaking waves and overtopping/sp ray.
The shape (surface profile) of the waves in very small scae models Ls also affected.

Stive. 1985, studied the influence of air entrainment in a comparative scale model study of waves
breaking on a beach. He recorded wave heights, set-up and vertical profiles of maximum seaward.
maximum shoreward and time-mean horizontal velocities and found no significant deviations
from the Froude scaling in a wave height range of 0.1 metre to 1.5 metre. This indeed indicates
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that surface tension scale effec= are insigniLcant even in small icale models except for phenom-
ena whe a very accurate reproduction of the profile of the breaking wave is important. The

most important example is shock pressures on plane solid walls. A special problem related to
shock pressures is the interpretation of the recorded pressures in the model, because the air com-

preuasbility is not to scale. This problem has been discussed by many researchers, see for example

Lundgren, 1969, but it still remains to check model data against prototype measurements before

the uncertainty related to shock pressures can be evaluated.

However, the author '!ieves that the order of magnitude of wave pressures on wave wails found

from proper scale models is correct. This opinion is based on a study of breakwater failure where

damage to the concrete capping with wave walls allowed a rather accurate determination of the
wave forees involved. By means of results from scale model tests, performed by DHI, in which
wave pmssures on the wave wall were recorded, it was possible to estimate the wave climate. This

estimate was in very good agreement with the wave climate established by hindcast from mete-

orological observation.

Effects of mechanical properties of armour units
The relative strength of armour units is dependent on the size of the units, Burcharth, 1981. This

has to be taken into account when designing and interpreting the scale models. The importance
of this has been demonstrated in a number of papers by NRC, Canada, see for example Timco et

al. 1983, who also developed a method of producing concrete, armour units with correctly scaled
mechanical prope.ties, Timco 1981.

There are different ways of tackling this strength problem in scale models, as discussed by Bur-
charth, _196-3 but in the caw- of tests with large (in prototype),- complex types of unreinforced

armour units the method established by NRC seems to be the best. The reliability of the method

has yet to be evaluated. This can be done only by comparison with prototype measurements. A
promising full scale experiment with instrumented 48 t Dolosse set up by the U.S. Army Corps

of Engineers, Vicksburg, might provide very useful data for such a comparative study.

6. STOCHASTIC DESIGN PROCEDURE

It follows very clearly from the foregoing discussion that our quantitive knowledge on the loads

and the structural response is limited to such an extent that design based purely on theory is not
feasible. It is obvious that it will take years before we have developed a reliable design theory.

Until then scale model tcst are by far our most important tool.

In this rather unfortunate situation it is reasonable to think of a stochastic or probabilistic design

method. However, it is often argued that a probabilistic design procedure is of little value as long
as the underitanding of the physics is poor. It is of course true that such a design process never
gives figures in which to place high confidence as long as we cannot describe the physics. How-

ever, it is worth while to recall that the less we know, the more important it is to try to assess the

reliability. The probabilistic approach is the only one which gives iniormation on the risk of aI.
ure with due consideration to the uncertainty or scatter of the various parameters involved.

It Is no excuse not to use the method because we do not know the probability density functions.
As engineers we must estimate these functions, just as we estimate safety factors.

To-day's knowledge makes it of course not very easy to essess the probability functions. This is

obvious from the F;ures 16 and 17, which show typical failure modes and the corresponding
fault tree. It is men that not only the distribution functions for a great number of individual pala.

meters but also the joint distribution functions for correlated parameters must be estimated.
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SUMMARY OF "COMMENTS FROM DR. HANS BURCHARTH"

MR. ORSON SMITH

MR. SMITH:

I'm with the design branch at CERC where we keep our head below the clouds
and our thoughts close to the earth and deal almost exclusively with field applications.
I had the opportunity to talk to Professor Burcharth quite a bit last week and had also
previously read a number of his papers, so Gary Howell asked me to review some of his
thoughts on prototype testing of dolosse and specifically the project at Crescent City.

Dr. Burcharth was asked early on in his visit if he thought predicting structural
integrity of concrete armor units was really possible, and his answer to that was an
emphatic yes. He felt, however, that this would not be in the form of a simple formula.
In fact, we're a long way from predicting it in the sense that failures can be
anticipated accurately in the design process. He felt that much prototype data and
many laboratory experiments were going to be necessary and that a patient and
methodical approach was required. To this extent he thought that the important
variables must first be identified, and this should be done with an open mind, and that
once these variables are identified they should be addressed one by one to the extent
that is possible.

He felt the prototype measurements contemplated here at Crescent City are an
important first step and that they are critical to future scale model experiments,
specifically the calibration of those model tests. He hoped, however, that the Crescent
City experiment could be performed for use in general research, even though it is a
project-oriented experiment. It's a unique opportunity that will be valuable to many
future investigations of concrete armor units.

He had hoped that the units could be placed in a position where the waves were
as well defined as possible--this has already come up--and that the units should really
be away from elbows, the head of the breakwater, and transitions to avoid the end
effects of lateral flows tha; complicate the identification of variables even further.
This led to his stated opinion that the unit should be placed in the center of the riew
dolosse section in a tight pack or a cluster, perhaps centered around the mean storrn
water level.

He also was concerned about defining the environment and felt that the waves
should be measured quite near the breakwater as well as in deep water. He aho felt
that the wave direction should be verified by photographs and that the hydyaulic
pressures in the filter layer and near the cap of the breakwater should be monitored.

He gave a seminar while he was here last week and many of us attended that.
He has also left us with a number of his more pertinent technical papers that I think
will be distributed.

I might also mention he left a letter that summarizes these comments I'm to
review today, I will try now to cover some of his work over the last seven years or
more. It's summarized in a useful way in this paper Fatique in Concrete Armor Units.
It's dated October 1984. In that paper he reviews some of his other work by
postulating the loads he feels might be important in any concrete armor unit.

.so
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There are three general types of particular interest to the instrumentation, and
they are the static loads to gravity. He was emphatic that these should be measured
because of their importance in future calibration of scale models. He also has
identified that there are pulsating or gradually varying loads, usually due to wave
action, as well as impact loads, and these are impacts between the individual units.
These two dynamic loads are both important. Of course, the impact load is more
severe, but the pulsating load, he feels, can be important, particularly when combined
with the upper limit of the static loading.

The effect on the fatigue strength of the units is illustrated by this graph.
(Graph shown here.) Here are two plots of representing fatigue strength versus the
number of cycles, the lower one being the impact loads and the upper one being the
pulsating loads.

He made references to some other measurements that have been performed at
the Delft Hydraulics Laboratory with accelerometers. He said that accelerometers
would be an important component of the instrumentation package, at least 'to the
extent they should be discussed. I guess some are already in the plans.

These impact loads might be significant during placement; so he also offered for
discussion the possibility of monitoring all the instruments during the actual placements
of the units.

Here is another illustration from the October 1984 paper-on fatigue. (Illustration

shown here.) He again makes the point of the three important types of loading: static,
pulsating, and impact. He has illustrated an example of what the time history might be
like. If all three of these types of loading are to be monitored, this time history
indicates the problems of caibration for the different types of loads.

I'd say it does present a challenge, but Professor Burcharth thought the effort
was worthwhile.

At the bottom of the page, he shows a graph of what might be the total stress
in terms of what could be measured at the individual armor units. (Graph shown here.)
These little plots here represent the distribution of stress transfer functions, and this
distribution is related to the random placement of the units and their quite different
orientation from one unit to the other and the armor pack. I think this graph illustrates
his point that, in order to define these distribution functions as best as we can, all the
units should be placed closely together in the same environment, and thdL should
improve the statistical confidence in all of the measurements.

In summary, Dr. Burcharth's feelings about the project overall were quite
enthusiastic. He felt the data would be available both as prototype measurements and
for calibration of future scale model experiments. He felt that this pioneer effort
should avoid the complications that occur at the head and elbow and transition. He

emphatically urged that static loads be measured and both the pulsating and impact
loads be monitored. Besides that, he offered the possibility that as a further
improvement to tU~e possible confidence problems in the theoretical studies that the
instruments be placed at both ends of the dolos and not just the one.

In conclusion, he expressed the wish that everyone involved in future
theoretical work with concrete armor units could cooperate in the analysis of the data
from this experiment and, from what I have been told, that's exactly the intent of
C E R C in this project.
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STRENGTH OF ARMOUR BLOCKS - EXPERIENCE AND TESTS AT SINES

Manuel A.G. Silva
I

km

_ >... .Introduction

The presentation hereafter attempts at providing data based

on the experience at Sines in a way amenable to allow a cor-

relation with Crescent City.
4

Despite the vast literature available on the climatology and

on the accidents that affected the West Breakwater, it is
felt that a brief description of these will make the text

self-contained and easier to follow.

The major part of these notes is otherwise devoted to the

ways on which the collisions of armour blocks under a storm

can be characterized and the tests to perform in order to

assess the consequences of such impacts.

A sketchy reference to analytical work of relevance for the

interpretation of the behavior of the blocks is also added.

Topics like the influence of damage accumulation, the effects

of thermal stresses at curing and time of contact at the im -

pact are considered.

Last, a summary of recent decisions concerning the new break-

water being built at Sines is also presented.

It ought to be mentioned that great importance is attached,

even though not emphasized, to the monitoring of the behavior
of both the West Breakwater and the new breakwater for the

coal terminal.

The costof a program thatincludes continuous recording and inter
83 '
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pretation of data obtained from instrumented blocks appears

to be beyond the resources that Portugal can allocate. Gi-

ven the worldwide interest on such data and the water depths

and exposure at Sines, a concerted international effort may
A be worthwhile and is suggested so as to allow gathering and

interpretation of the recorded results.

2. Background lnformation

The port of Sines is depicted in Fig. 1, where one can iden-

tify the West Breakwater, designed to support three oil bertbs

and provide mooring conditions at the remaining quays. The

breakwater reaches depths in excess of 50m and was severely

damaged by storms in 1978, 1979. The storms are usually des-

cribed by their periods(s) and wave heights (both maximum and

significant, in meters) as follows:

February 78 - H 1ax= 11.4, Hs = 8.0, Ts = 12.6

December 78 - Ha= 10.8, Hs = 7.4, Ts = 12.0
max s

February 79 - Hmax= 17.6(?), Hs = 10.0, Ts = 13.6

The storms destroyed hundreds of dolos (42 tp) that constitu-

ted the breakwater armour and caused immense damage. The do-

los were either made of plain or very slightly reinforced con

crete. In 1979 a crash program for repairs was undertaken,

based on placement of antifer cubes weighing 88 tp. These e-

mergency repairs were tested in December 81 by a major storm

(though more oriented towards SW than the previous ones) and

behaved quite well.

The characteristics of the waves in December 81 were Hmax

= 16.9 (?), Hs = 9.0 and T. = 12.0 (?). The question marks

evidence some uncertainty on the correct recording of the

waves.

Hindcast studies performed at W.E.S. led the designers to pro
84
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pose, for the future repairs, a design wave characterized by

a recurrence period of 100 years, with Tp = 16 s and Hs = 14m.

In addition to the West Breakwater, another one is being built

to protect the new coal terminal of Sines. This breakwater
'runs along depths of 25m and its armour is formed by cubes of

60 tp and 71 tp, the latter ones being made of heavy density

concrete.

Henceforth, it wil be assumed that both the layout and the cli

matology are known, concentrating the text on tests and recom-

mendations on the blocks to be placed.

3. Studies Performed for Sines

Perhaps the singlemost important cause of the Sines failures

in 78/79 was the fracture of the dolos. Such fracture had not
been anticipated in the hydraulic tests previous to the cons -

tnaction due to known limitations of Froude similitude. This
fact further motivated a series of studies on the behavior of

antifer cubes that are described below.

A rational approach to the establishment of the impact strength

of the blocks comprises (i) hydraulic tests to determine impact

speeds and number and modes of collisions and (ii) tests, based

on the data obtained, to assess the strength of the blocks.

Experiments with a significant number of blocks of large size

(60 tp, 71 tp, 88 tp) are costly, difficult to conduct and last

for a proctrated period period of time. As a consequence, a

reasonable effort was placed on analytical interpretation of

test results, mainly aimed at establishing the patterns and va-
lues of curing stresses under different casting procedures, at

predicting the effects of cturulative shocks and at interpreting
the effects of coaxial and edge to faces,impacts.
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Three different types of tests were considered:

a) Drop tests from different heights on a thick slab;

b) Tipping tests like those performed in Sines in 1980 rl';

c) Collision tests with the cubes placed on small flat rail

road carsas described in "Coastal Structures 83" [2 1.

Tests a) are physically difficult to perform and tests b) add

to the same problem the question of tipping for an initial an-

gle other than 450 . Both a) and b) raise the issue of appro -

priate compliance of the foundation, are hard to be repeated

for cumulative damage assessment (due to strains developed whi

le resetting the tests) and b) originates a complex stress dis

tribution, fairly difficult to analyse. In addition, the blocks

rock alternatively around consecutive edges, creating one more

source of uncertain correlation with the breakwater 3

The above set of reasons led to the decision of concentrating

the efforts on tests type c). Again the intertwined subjects

of costs, handling and obtaining data within oportune time ad-

vised that most tests be performed on smaller blocks, with ca-

re exercised to account for scale and curing effects [3i1

Prior to starting the impact tests, the ranges of speed to be

examined as well as scale effects and a study of concrete mix-

tures with slow hardening cement was pprormed.

Having to be selective, reference is emphasized, next, on the

hydraulic tests that provided data on impact speeds.

4. Hydraulic Tests

Tests on hydraulic stability were performed in Lisbon (LNEC)

and Delft (DHL). Reference hereafter, for simplicity and unless

otherwise noted, is understood to correspond to the West Break-
water with qualitative statements applicable also to the break-

water under construction.
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Most tests were run in models built at a geometric scale 1:78

and the climate simulated in agreement with hindcast studies.

Aside from the standard characterization of hydraulic stabili

ty, these tests were used to provide answers to the questions:

do the blocks move? If so, do they collide? If so, do they

fracture? Conclusions were that rocking starts for a signifi

cant wave of approximately 7m and that the blocks collide.

Breakage cannot beassessed from tests at scales of the order

1:78 for well known reasons. As a result, experiments were

conducted at de Voorst (scale 1:12) with the material proper-

ties scaled down. The findings were not wholly satisfactory,

primarily because of much higher abrasion than in prototie.

The blocks never fractured (even for H 17 m) beacause of

the significant amount of energy dissipated through abrasion

and, perhaps, due also to discrepancies in wave propagation

properties.

Experience at Sines indicates, nonetheless, that the blocks

fracture under severe rocking, a fact that tipping tests [Il,

however non representative of true behavior, had already shown.

Altogether, the above data confirmed the wisdom to ascertain

the impact strength of the concrete blocks.

Some cubes in the models were, then, instrumented with accele-

rometers (3D at de Voorst and 1D at Delft) in order to genera-

te data leading to the impact speed, factor of utmost importan

ce in these phenomena.

In order to gain information with some statistical legitimacy,

most tests were run in series of four under the same conditions.

A short summary of the major aspects follows.

4.1. Impact Speeds

As mentioned earlier, the results reported apply essentially

to the West Breakwater rehabilitation profiles as typically

illustrated in Fig. 2. Storms, henceforth identified solely

by their significant wave height (H. = 8, 10, 12, 14m), were
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selected and four runs of 100 waves were applied for each Hs
The instrumented units were placed at different. locations se-

lected by the likelyhood of most severe rocking, thus origi -

nating a family of parametric data.

The integration of the accelerograms led to estimates of im-
pact speeds, vi, measured at the mass center and averaged for

each series of tests.

Fig. 3 shows a typical family of exceedence curves relating

each impact speed vi with the percentage of waves for which

vi is exceeded, for the imposed Hs.

The application of the theory of extremes, using an adequate

Weibull distribution, gives the prcbability p that vi be exce

eded in a storm of 100 waves. Fig. 4 gives, in ordinates,

(l-p), for one of the sequences of tests.

The probability p associated with the train of 100 waves is

co.verted into pn for the n waves acting during the actual

duration of the storms (as defined by the climatology):

= 1 - (i~)n/100
Pn I 1p

It is also possible to determine the number of blocks N that

move under a prescribed storm by means of overlay and/or other

techniques. Combining pn and N it is immediate to estima-

te the number of blocks colliding at speeds exceeding a fixed
value v .if v is correlated with fracture, by a known cri -

teflon, the damage caused to the blocks by a certain storm can

be assessed. This information is important for designers (in

terms of stability and costs) and Port Authorities (in terms

of costs and risks).

The table below shows, for a typical series of tests, the num

* bet of blocks that impact at speeds higher than the tabulated

VIS.
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COLLISIONS AT SPEEDS , v

H Number of Cubes v (m/s)

(m) in Motion 1.0 2.0 2.5 3.0

8 68 - - -

10 67 6 - - -

12 51 46 18 7 5

14 77 74 27 6 2

•4 -

% OF TOTAL NUMBER OF BLOCKS 26% 5% 3% 1%

For instance, in this series, 26% of the blocks moved with

V >/ 1.0 m/s and 5% with v ,2.O m/s.

In de Voorst, the tests showed that the accelerations could

go up to 5g and vi up to 3.5 m/s.

4.2. Importance of Location of Blocks

The highest impact speeds were found at the level (-6.O)m,

whereas the location where the highest number of collisions

took place is at (-3.5)m. These conclusions were obtained

after averaging the readings in each series of four runs.

Fig. 5 shows some of the data that allowed the obtaining of

those conclusions.

It is remarked that Figs. 2 to 5 are adapted from reports

submitted by DHL to G.A. Sines, with due permission of the

latter.
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5. Tests on Impact Strength

The dynamic strength of the antifer cubes involves a large num

ber of parameters ranging from strain-rate sensitivity to sca-

le effects, type of cement to casting conditions, abrasion to

number of collisions prior to failure, impact speed to mode of

collision, tensile strength to water/cement ratio, moisture con

tent to curing conditions.

Attention is, hereafter, concentrated on the actual tests per-
formed at Sines, without singling out most of those aspects for

the sake of objectivity and simplicity. Experimental studies

on the importance of thermal cracking, weather environment du-

ring casting and concrete mixtures were, however, made and re-

ported elsewhere.

The tipping tests are not examined here (see tl and [31), but

earlier comments compounded with those of W.G. Godden [51,

correlation between theory and test is extremely dif-

ficult to attain, as is consistency in experimental data"

explain some guarded doubts of the author on the expectations

to be placed on the validity of such experiments.

Emphasiz is, therefore, placed on the impact tests of cubes pla

ced on rail cars, with the speed at collision regulated from

the height of release of the cars. These tests are designated

as translational tests (1,31.

The translational tests were performed on cubes of geometry and

weight tabulated below. The concrete mixture was approximately

the same used in the repair works, except that fine sand was

unavailable when the cubes of 1 through 27 tp were cast.
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Blocks Tested

Weight (tp) 1 3 9 27 88

Width at base (m) 0.77 1.11 1.60 2.30 3.49

Width at top (m) 0.71 1.02 1.47 2.13 3.23

Height (m) 0.71 1.02 1.47 2.12 3.21

Essentially three modes of collision were studied:

a) Face on face, requiring lengthy operations to ensure C?)

a full face shock;

b) Face on face inserting a thick steel plate at the center,

in order to know the area of actual impact and ensure coherence

of data;

c) Edge on mid-face collision.

Fig.6 shows the site where the tests were made, together with

pictures of collisions type b) and c).

The importance of damage accumulation was examined by repeating

collisions at constant speeds (below a predetermined critical

speed that is the lowest speed causing fracture at a single

shock) till failure occurred.

The main results are described in [21 and not repeated here in

detail. Major features are summarized in Figs. 7 through 9. In

short, it can be stated:

i) Scale effects are important;

ii) Damage accumulation due to previous shocks significantly

reduces the impact strength;

iii) Impact of the face of a block by the edge of another block

causes only local crushing, unless the shock takes place near the
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iv) Interpositicn of athick steel punch ensures coherence of

results (at the cost of more difficult correlation with break-

water response) and requires higher number of shocks for frac-

ture;

v) Square punches create biased failure due to corner sin-

gularities of stress field and are advantageously replaced by

circular indenters.

6. Analytica! Studies

The interpretation of the results obtained and their extrapo -

lation advised analytical studies that are partially mentioned

in the sequel.

Aside from the rigid body type of analysis of the tipping tests

[31, an approximate study of the edge on side collisions was

conducted based on the theory for elastic half-spaces loaded

impulsively [2]. The single shock problem by a rigid punch was

also examined [21.

It is felt, however, that the key to the successful study of

the behavior of the cubes rests on an accurate characterization

of its material properties. Concrete has a large number of mi-

crodefects, even before external loads act on the structures.

The gradual growth of the microcracks at the interface aggrega-

te-mortar explains best the nonlinear behavior of concrete and

is translated by a much simplified version of the damage theory

[61.
Some relevant results obtained are presented next.

6.1. Critical Speed and Fatigue Effects

The stress-strain curve for concrete was fitted, the tangent

modulus E was, then, obtained at each strain level and the

critical impact speed vcr at which crushing occurs was eva-

luated [71:
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0 0

where = maximum stress, F= strain for P t mass
density and c = E P For instance, withkN/

v'~7 istacewit 3. 9 m/s 2hl

and a known '-S curve, it was obtained vc 5.9 ms, while

the impact speed v required to develop an impact stress

T= 2.9 x 104 kN/m2 was found to be v= 0.8 vcr

The weakness of the concept of critical speed lies on the

fact that, prior to fracture, a number of collisions affects

the strength of the blocks which fail as a result of gradual

damage growth. Making use of a logarithmic relationship be-

tween the fatigue strength fN and the number of load cycles

N, considering a strength reduction of 40% after a million

cycles and using f1 as 94% of the ultimate f', the following

table was found for concrete used in the repairs at Sines

(Cf  254 Kp/cm2 ):

Effects of Cyclic Loadin4

Number of Cycles Speed Causing Failure I
(m/s)

1 3.6
5 2.9

100 2.6

1000 2.2

These values, while taking accumulation of damage into ac-

count, do not consider the thermal cracking induced at cu-

ring. The actual speeds are consequently lower than those

tabulated.
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6.2. Time of Contact

It is sometimes attempted to gain information on the "force"

P acting at collision by writing the equation o. conserva-

tion of momentum. In general, the time of contact is esti-

mated from linear wave propagation as t = 2L/c, where L = si

de of cube is half the length traversed to change initial

compression into tension. The aforementioned nonlinear res-

ponse of concrete, however, significantly alters that value.

One dimensional theory of damage leads to the following ana-

lytical expression for the constitutive equation [8]:

which, used in conjunction with the model de:icted in Fig.lO,

led to the values of contact time, maximum stress and ratio

of contact times (damage/linear) shown next, both for the ca

se with no indenter and with a rigid punch inserted (coaxial,

face on face collision)

Contact Times - Effect of Nonlinearities

X Thpact Speed Contact Time Max. Stress Ratio of Times
(m/s) xl000 (s) (Kp/cm2 ) (Damage/Linear)

2 1.16 109 1.65

4 1.23 199 1.75

Punch 2 1.68 150 2.40
4 1.85 258 2.64

The study showed that both the maximum stress and the time

of contact increase with a decrease of the size of the inden

ter.

in the calculations, neither fatigue nor thermal cracking we

re introduced and, therefore, the actual values would requi-

re a corrective factor.
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6.3. Scale Effects

Considerable attention has been extended to the study of sca

le effects.

lt has been established that a significant weakening of the

impact strength of the larger blocks vs small units [2,3]ta-

kes place.

For the sake of completness, it is herein included Fig. 10

that clearly illustrates this behavior. The figure also evi

dences the influence of damage inflicted by previous colli -

sions, an experimental result in close agreement with predic

tions based on dynamic damage theory.

7. Future Work

In terms of tests to evaluate mechanical strength of cubes, it

is envisioned (January 85) that the following will be made at

Sines:

a) Conclusion of the translational tests with units of dif -

ferent sizes still available, in a way that wil make data like

those shown in Fig. 11 more reliable.

b) Evaluation of the true importance of thermal cracking by

(i) testing and comparing cubes "normally cast" with cubes sub

mitted to controlled temperature gradients, and, (ii) testing

cubes made of different concrete mixtures.

c) Estimate of fatigue properties, following procedures si-

milar to those proposed by Hans Burcharth for dolos.

It goes without saying that the efforts at Sines have to be

geared towards ensuring safety at bearable costs. Such crite-

rion means that the tests for the coal terminal cannot be so

ambitious as to delay the works and the insight gained in 81/

/83 ought to be judiciously used. On the other hand, for the
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future expansion of the port and rehabilitation of the West

Breakwater it appears reasonable that the presence of a con-

tractor at Sines be suitably used to generate data that will

further enlighten future decisions.

Clearly there are three avenues to follow simultaneously:

I. Close monitoring of the behavior of the West Breakwater

to gain data on the actual performance of the blocks and al-

low adequate correlation with tests.

II. Study of composition of the concrete mixture in order to

lower thermal cracking and provide basis for analytical mode

ling of the response of the blocks.

111. Impact testing of cubes cast at a reasonable scale (per

haps with weights between 10 to 15 tp), together with tests of

some prototype units.

As indicated at the beginning, there is a great paucity of in-

formation on prototype behavior. It appears that Sines provi-

des a priviledged site for the collection of useful data by mo

nitoring its breakwaters, even through in a manner less ambi-

tious than at Crescent City. A project of this size is not

compatible with a rational allocation of Portugal's limited

resources and its wide interest thereby suggests a concerted

international effort.

The field of fatigue-like effects remains open to further st -

dies, notwithstanding H. Burcharth's findings for dolos. The

importance of reducing microcracking at curing justifies also

research on cost effective methods of achieving it, paying at-

tention to the repercussion on costs of construction.

A reasonably accurate prediction of the number and type of col

lisions to be expected for typical storms and the accumulation

of effects along periods of time with design and maintenance

signification advise more systematic hydraulic tests and risk
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analysis.

Attention to physical modeling of material properties, inclu-

ding e.g. tensile and compressive strength, mass density,wave

propagation characteristics, abrasion, as well as adequate

analytical models for approximate qualitative interpretation

of the tests is also reccomended.

It is felt that a bird's eye view, seasoned with good enginee-

ring judgement, by specialists on materials, structures and hZ

draulics acting jointly should prove invaluable in the conti -

nuous effort to design and build safe breakwaters at reasona -

ble costs.
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FIGURE CAPTIONS

Fig. 1 - Overview of Port and Planned Works.

Fig. 2 - West Breakwater - Location ot Instrumented Blocks.

Fig. 3 - Impact Speeds vs % Waves for which they are Exceeded.

Typical Set of Results.

Fig. 4 - Typical Probability Curves for Collision at Speeds up

to (vi + 0.5) m/s.

Fig. 5 - Typical Findings of Variation of Mean Impact Speeds

and Number of Shocks with Water Depth.

Fig. 6 - View of Site and Collisions Edge on Face and Side on

Side.

Fig. 7 - Modes of Failure for Side on Side Collision (a) Without,

and with (b) Square Punch, (c) Circular Punch.

Fig. 8 - Damaged Cubes After Side on Side (above) and Edge on Si-

de (below) Shocks.

Fig 9 - Pattern Singularities due to Square Indenter. Broken An-

tifer Cubes (88 tp) Experiment at Reducing Thermal Stres

ses.

Fig. 10 - Simple Model to Investigate Time of Contact.

Fig. 11 - Effects of Scale and of Damage Accumulation.
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DISCUSSION OF "PORTUGUESE EXPERIENCE-ONGOING STUDIES"

DR. MANUEL da. SILVA

Now, what is going on at Sines? What are we expecting to see then? Well, we
would like to test the existing units--but, for the reasons I mentioned before, were not
tested--at speeds that would be close to against in our curves so it could be a better
material for interpretation. We discussed this with Professor Burcharth before he came
here. We think that we should perhaps study three impact speeds, at least for three
pairs of cubes, which speeds, so as to give some statistical validity to the results. We
would like to do that both with the units that were cast as normally we do, without
the special care and with the thermal insulation, and see what the different behavior
would be. At the end we would like to test some prototypes.

That's what we did in the past three years. Are there any questions?

MR. MAGOON:

Could I ask a question or make a comment? I believe on the cubes that there
was a casting of cubes, about 60 tons, in Fishguard Harbor in Wales. To get rid of the
problem, they cast a small square hole down the middle of the cube and poured water
into it. They cooled the inside of the cube with a small hole.

DR. da SILVA:

It has been proposed for the entire cubes also. The problems had to do with the
contracts and contractors.
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"MODELING OF CONCRETE ARMOR UNITS"

DR. ROBERT G. DEAN

DR. DEAN:

I decided I would make some general comments related to armor units. First, I
would like to address some of the modeling considerations that seem important to me.
These will be in areas of wave structures, the structure itself, and the armor units.

The second area I would like to cover today is understanding the mode of
failure or damage, and we'll discuss several different possibilities. I'll go through those
in detail, so I won't bother to enumerate them now. Then, finally, I would like to
mention briefly some comments about quality control in field testing. I think all of
these areas are those that some people here have had experience with before, but I
would like to just address several issues, possibly just simply for the purposes of
stimulating discussion.

With regard to modeling considerations, and I will keep my remarks brief. First
of all, waves. I think that it's very important, especially for deep water, to model the
wave spectrum very carefully. With regard to that, several aspects are that the
narrower the spectrum is, then, simply because of the results of the narrow
distribution, the greater the expected maximum wave height for a given number of
waves. I think these results flow from the Rice distribution. In deep water, where the
waves are not depth limited, it is important to model the spectrum carefully, and if
there's some uncertainty about the width of the spectrum, then I think it is certainly
desirable to do sensitivity calculations as to the stability of the breakwater relative to
the spectral width.

The second consequence of the spectrum width is the dynamic wave set-up. I'm
not sure if that term is familiar to everyone here, but when I speak of dynamic wave
set-up, I consider that we have a train of waves that are uniform in height, that they
will cause the set-up, and that set-up will be static. We've done some studies that
show if there's a variability in wave height, such as with wave groups on a natural
beach, then there's a dynamic wave set-up that we've found is roughly 50 percent
higher than the static set-up would be associated with the highest wave in the group.
The 50 percent is a rough value, but it's pretty close. Then, as some people have
hypothesized, if there are several high waves in a group, then 1;his succession of waves
can be more damaging to the breakwater than can a series of waves of this lesser

* height. Of course, if you have a narrow spectrum, that would also result in a
succession of high waves.

I would also like to mention briefly, although it's not indicated here, the effect
* of wave period. I think a lot of times we can learn quite a bit about breakwaters by

looking at natural beaches. One thing we know about natural beaches is that, if we
have long waves, they tend to push the sediment toward the beach and actually build
up a berm; if you have short waves, they tend to pull the sediment off shore. I think
that breakwaters work exactly the same way. It's important to recognize that on the
faces of the breakwater the slope can actually work both ways. If we have long waves
which tend to roll the units up on top of the structure, then the slope acts in our
favor; but, if we have short waves, it tends to pull the units off the structure and then
they act against us.
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W ave direction. I think that you recognize that in some cases, at least, if
waves arrive oblique to the structure, then they may be less stable than if the waves
arrive normal to the structure. I think the work that has been done in part here at the
Waterways Experiment Station has indicated that if the scales are large enough and
there's some guidance there, that the capability of modeling the structure itself, that
is the matrix or the body of the structure itself, is reasonably good.

Modeling the structural properties of the armor units themselves is desirable,
but it's very difficult and expensive, and we'll probably have to pursue other
approaches to that.

The second general topic is understanding the mode of failure or damage. To
avoid breakage by impact with other units. One would have to invoke a "no-rocking"
rule of the individual units. We saw some slides that showed abrasion by rocks, which
will be difficult to eliminate if those types of "missiles" are present. It may be possible
to use more-resistant concrete. Imperfections in casting can also lead to failure and
damage.

I'm not sure whether liquefaction has ever been really responsible for
breakwater failures. I think the pressure gradients on a breakwater can certainly
contribute to their damage or failure. Liquefaction as a phenomenon would probably
not happen in a breakwater due simply to the general design and porous nature of the
break w ater itself.

Some time ago, several of us looked at the Sines breakwater failure. One of the
strong possibilities for the failure was that if there is a fairly steep slope and armor
units which are, by virtue of their size and geometry, reasonably fragile, then the
armor units on the bottom, to some degree, must resist the weight of the overlying
armor units. Possibly this is even more enhanced if there's a parapet wall which
reflects the waves and, perhaps, to some degree, lubricates the face on which the
dolosse armor units rest. If this does happen, then it's easy to see that if the lower
unit breaks, and again if the base on which the units rest is somewhat lubricated, the
upper units are going to slide down, leading to a progressive type failure.

Unraveling is another possibility. Of course, we attempt to design the
breakwater so that it will be, to some degree at least, self-healing for a limited
number or limited degree of unraveling.

The third area I will cover relates to quality control in field testing. The only
way that I could ever feel comfortable with the quality of the units that are produced
is to break or stress to some proof limits a certain percentage of the units. I'm not
sure what kind of a system should be used, but possibly a yoke with hydraulic jacks
which exert force against portions of the dolos, whatever type of armor unit woula be
used. It seems there could be an adaptive testing program where one might start off to
break one percent of the armor units, shown as the solid black line. If it was found
that a small fraction of those tested units break below the proof limit or the design
limit, then perhaps one could relax the numbers that are tested, at least for a while. I
think there should be randomly selected periods when a certain number of the units are
tested to a greater percentage. If, on the other hand, it's found that when one starts
out testing one percent of them that a fairly large number breaks, then I think that

'the percentage tested should remain high. In a sense, that would act as an incentive to
reduce the number which actually failed below the proof limit.
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Finally, I would like to relate results of a model test that was done a number of
years ago here at Vicksburg. I would like to fall back on saying that breakwaters are
to some extent like beaches, and I think we engineers do not respect that resemblance.
A number of years ago on the Atlantic Generating Station, the concrete outer units
were 40-ton dolosse, the first underlayer was 16-ton rock and then 8-ton rock. This
particular breakwater, in a two dimensional test, was purposely pushed to failure. It
failed in a shape which is quite similar to a natural beach-concave upwards--and finally
the breakwater stabilized in the 8-ton rock. It had build out a talus slope seaward of
the original breakwater face.

That test always impressed me that when 40-ton dolosse were present, the outer
layer was not stable, but after it had deformed and finally entered into the 8-ton rock
layer, the profile became stable. I think that's even more impressive if we look at the
weight ratio--40 tons versus 8 tons, that's a factor of five--and the shape factor,
which the stability coefficient. I wouldn't argue about these numbers too much, but
more or less a ratio of 8. So that gives a total stability ratio of 40, that is dolosse, to
the 8-ton rock. Yet the profile did become stable for that condition.

I think that if one were to attempt to design to this concept, and there have
been degrees of attempting to establish a more natural profile by perhaps building a
berm seaward of the upper portion of the breakwater, one of course would have to
look very carefully at the effect of tides and also what kinds of end conditions may
exist at the terminus of the breakwater. I have looked at possibilities of designing
cross section using a more natural profile, if you will, and the end conditions probably
present the greatest problem.

Finally, I will mention that A. Torum, from Norway, is spending a year with us,
and I mentioned to him yesterday that I was coming here. He told me that if he could
make one request relative to prototype testing, it would be to measure the total forces
and moments on a dolos. He sketched this out yesterday, so I thought I'd present it to
you as well. I think that would represent a very challenging exercise but perhaps not
impossible. For example, the petroleum industry has measured total forces and moments
on an entire structure, so that is probably not too less difficult than would be the
measurement of total forces and moments on an entire dolosse.

If there are any questions, I would be glad to try to answer them.
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DISCUSSION OF "MODELING OF CONCRETE ARMOR UNITS"

DR. ROBERT G. DEAN

UNIDENTIFIED SPEAKER:

On your proposal for breaking certain percentage of dolosse to test them, would
that be like a fatigue type of thing or just one stress?

DR. DEAN:

Well, that's a good question. I think that might depend on the type of wave
climate in which the installation was located. For example, if there were many periods
of high waves, such as Crescent City, I think one might look at fatigue. If it were in
an area where perhaps an occasional hurricane were expected to be the cause of
failure, then I think it would be more of a limits type test.

OR. McDOUGAL:

Since we don't have any strong theory to get us from environment to load,
testing some of those on site is more a quality control or uniformity measure just to
make sure you're not producing good units. So it's a quality control, and at the moment
it's a little rouWg- to relate whatever test levels you do your destructive or
non-destructive tests at, to environmental loads, but at least it will insure a uniform
product.

1'1

'
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ME MEASUREIMMT OF STRESSES IN MODEL DOLOS UNITS

R.D. Scott*, D.J. Turcke, P.Eng.**,

W.F. Baird, P.Eng.***, K.R. Hall, P.Eng.***

INTR OUCTION

Extensive damage has occurred in the armour layers of a number of

breakwaters. In certain cases, the breakage of individual armour units has

led to partial or complete failure of entire breakwaters. Their failures

are often rapid and catastrophic which clearly demonstrates the inadequacy

of cu, fit armour layer design procedures. A good design must incorporate

both the hydraulic stability of the breakwater and its individual armour

units as well as the structural integrity of the individual armour units

and the breakwater armour layer.

Structural failures have occurred predominately in certain types of

armour units, such as the Dolos or Tetrapod, but avoiding the use of these

units does not eliminate the problems of armour layer design. These armour

units, and others, offer other advantages in terms of hydraulic stability

and in the economic use of materials, that units of lower stability, such

as the rectangular block, do not have. An essential step in the safe and

economic design of an armour layer is to design the individual armour units

to resist the applied loadings. These loads are highly complex, ranging

* Graduate Student, Civil Engineering, Queen's University,

Kingston, Ontario.

** Professor, Civil Engineering, Queen's University, Kingston, Ontario.
* W.F. Baird and Associates, Coastal Engineers Ltd.,

1390 Prince of Wales Drive, Suite 309,

Ottawa, Ontario K2C 3N6, Canada
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from simple atatic forces to short duration dynamic impulse forces. A

variety of loadings may be experienced by the armour units in both

hydraulic and non-hydraulic environments. Some concept of the nature and

intensity of these forces must be obtained before one can achieve good

armour unit design for structural strength.

In this study, a combination of physical and mathematical modelling

was used to develop a procedure to determine the forces experienced by

armour units. Physical modelling offers advantages such as the ability to

conduct parametric studies and to collect large amounts of data at a

relatively low cost. There are, however, disadvantages due to scale

effects and difficulties in achieving complete similitude. Specifically,

model Dolos armour units were instrumented with strain gauges, see Figure

1, and typical loadings determined from these strains. The instrumented

units were subjected to a variety of load tests and ultimately were used in

a model breakwater under simulated prototype wave attack.

I0DKLLING UQIIRDITS

A first step in the modelling process was to look at scaling

relationships and the types of model materials that would be suitable.

This required the assessment of similarity relationships between prototype

and model [I]. Dimensional analysis shows that for complete similarity the

geometric scaling must be equivalent to the material scaling. However, as

small deformations of the model units were expected, a certain level of

strain distortion and differences in Poisson's rdtio are permitted between

the prototype concrete and the model material. As any strain measurement

system used would have a limited resolution, it was necessary to choose a

material that would give adequate strain levels in a small model
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*experiencing low load levels.

The general model material requirements that were identified are as

follows:

(i) The material should have approximately the same density as

concrete.

(ii) It must be linear, elastic, homogeneous and isotropic.

(iii) The material must have a strength that would produce

minimum model strain levels in the order of 50

microstrains to ensure that the behaviour of the units

could easily be monitored within the resolution of the

instrumentation.

(iv) It must have reproducible mechanical properties.

(v) It must be easily cast and easily strain gauged.

A wide variety of materials were examined such as metals,

cementitious materials and plastics. Concrete, itself, could be used

except that under scales appropriate to model testing in wave basins the

expected strain in concrete models would be too small to be accurately

measured. Metals also do not have the appropriate combination of strength

* and density. However, there are a wide variety of thermosplastics and

thermosetting plastics available, some of which met the criteria outlined

above. Thermosetting plastics were found to be the best material for the

following reasons:

A 1. Thermosetting plastics have a limited development of heat

of polymerization which assures a homogeneous hardening

process and results in a relatively consistent modulus

throughout the material.

2. The relatively lo~er shinkage that occurs in epoxy

compounds after casting results in a significant decrease

in the internal stresses.
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3. The density, elastic modulus and curing rate can be easily

modified by adjusting the amount of hardener or adding an

inert material (filler) dispersed homogeneously throughout

the model unit.

The material chosen for this physical modelling study was a steel

fibre reinforced epoxy which had a specific mass of approximately 2.0 and a

modulus of elasticity of 5 GPa.

A large number of material tests were carried out on the epoxy, as

per American Society for Testing of Materials (ASTM) specifications, in

order to completely determine its mechanical properties and, hence, its

suitability as a modelling material. Considerable experimentation was

required to perfect mixing and casting techniques with the plastic. Tests

undertaken included the standard compression, tension and flexure tests for

plastics. In certain cases the specimens were strain gauged in order to

assess the compatibility of the material and the strain gauges.

STrAIN MROURM

A Dolos model of an overall length of 110 mm was chosen, based on

the size of wave basin available. Though the Dolos was selected, this

method of stress/strain determination is by no mans limited to this armour

unit shape.

A critical component of the Dolos stress/strain measurement was the

number, placement and selection of the strain gauges. An examination of

the Dolos geometry shows that it may experience flexural, torsional, shear

and axial loading conditions. These forces may be static, quasi-static or

dynamic in time duration. Based on these and other requirements, and a
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review of the current state-of-the-art in strain measurement, a suitable 4

instrumentation system was developed. The strain gauge chosen was a

constantan foil type in self-temperature-compensated form with a flexible,
4

polymide backing and a 3 mm length. The constantan alloy has a high strain

sensitivity which is relatively insensitive to strain level and

temperature.

Six strain circuits were used to measure the deformations in the

central portion of the armour unit. All the strain gauges were wired in

full bridge circuits to maximum sensitivity and for temperature

compensation purposes. This measurement system gave a complete

indentification of all the strains at one location in the Dolos from which

stress/strain distributions could then be extrapolated for the entire unit.

As moisture and abrasion can have a severe effect on strain gauge

performance, an adequate protection system had to be developed. The system

had to prevent damage to the gauges but not affect the deformation

characteristics of the Dolos itself. In this project, the gauges were

coated with Micro-Measurement M-Coat G, a polysulfide modified epoxy

compound and M-Coat B, a solvent thinned nitryl rubber compound. These

coatings did give excellent protection to the strain gauges; however, this

is still an area of on-going development.

DATA AMUISITION

The output voltage from the strain gauges was fed through a signal

amplifier and either stored in analogue form on instrumentation recorders

or was digitized and stored on a computer for subsequent analysis. The

signals were conditioned by a combination of hardware and software filters.

Tests have been conducted with data acquisition rates varying between 100
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Hz and 100,000 Hz. The rate of sampling necessary to obtain good strain

data is affected by the size of the model armour unit used and by the

nature of the loading the unit is subjected to. Short duration dynamic

loading events demand high data acquisition rates.

In any test conducted, the time history of all the strains on all

units must be recorded simultaneously resulting in a large quantity of

data. This data must be scanned and pre-processed in order to minimize

numerical computations and to facilitate analysis.

_ODKL STRESS/STAIN DISTRIUIONIS

Of primary importance in this procedure is the ability to take

strain measurements obtained from a hydraulic model test and derive the

stress/strain distributions throughout the armo,," unit. The Finite Element

Method (F.E.M.) is used extensively at all stages in this work to compute

stress distributions and to verify certain test results. The method is

well established as a powerful tool capable of carrying out complex dynamic

non-linear material and geometric analysis. The graphical display of

analysis results permits rapid synthesis and verification of voluminous

*amounts of stress and displacement information.

The Dolos finite element model consisted of 246 20-noded

isoparametric elements with 4110 degrees of freedom as shown in Figure 2.

Graphical output for viewing results can show principal stress flow

patterns throughout the continuum, for example Figure 3, or Von Mises

contour stresses. Colour is used to identify the stress intensity.

The FEM technique was used to determine equivalent loadings that

produced the measured strains in the armour unit and to verify results, see

Figure 4, for simplified tests conducted on the armour units prior to
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* breakwater testing. In the analysis of the Dolos in a model breakwater,,

* both the loads and the boundary conditions are highly variable as to

location and intensity. Using numerical analyses simplified loads and

boundary conditions were derived that gave strains at the Dolos mid-shank

equivalent to those measured with the strain gauges. With the finite

element model, stress/strain distributions throughout the entire Dolos

could be determined from these simplified conditions.

SCAIJI]G TO PROTOTYPE

In order to develop an adequate design procedure, the scaling

relationships between model and prototype must be fully known. The

approach that provided the most satisfactory results was to first determine

the model loads from the. measured model strains by numerical analysis then

scale these loads to prototype. Essentially, the instrumented unit is a

type of "load cell".

To achieve complete similitude such that model strains can be

related directly to prototype strains is difficult or impossible to achieve

when model and prototype are of dissimilar materials. Such a similitude

relationship would require that the model replicate all the fundamental

material properties of the prototype. This condition would preclude the

use of any material other than concrete.

By using the load cell analogy, one must accurately define the

model's static and dynamic properties so that measured strains may be

related to equivalent loads. These loads may then be appropriately scaled

to the prototype desired. In this manner, the loads can then be applied to

a prototype of any material, whether it is reinforced or not. This is

analogous to standard construction design practice where one first
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determ'.nes the loads a structure will experience then designs the structure

to .esist these loads.

TF$ PROGRAM AND SULTS

The tests reported herein [2,3] were conducted using a 110 mm Dolos,

though larger armour units have been instrumented. Interest in this series

of tests was primarily with the static and quasi-static forces experienced

by armour units, though dynamic tests were done. Although, inter-unit

impact and projectile collision forces are very important in assessing the

strength of armour units, it was felt that wave force data should be

collected prior to excessive unit motion.

*An initial step in the testing procedure was to calibrate the

instrumented Dolos by applying static point loads at several locations to

place the unit under combinations of flexural, shear, torque and axial

loads. The Dolosse were held in a restraining device during this process

and the load was applied by means of a sensitive load cell. All the

instrumented units using the epoxy modelling material exhibited linear

load-strain curves. A typical test result is shown in Figure 5.

A series of tests were performed in which the instrumented Dolos was

placed in an armour layer and the number of layers, armour placement

density and slope of the layer were varied.

Short duration dynamic tests were conducted in a dry environment.

These tests, as outlined in Figure 6, were done by dropping or rolling the

Dolos onto one of its flukes or fluke ends. Figure 7 shows a typical

response for such a test. These tests, when measured by high speed data

acquistion equipment, have shown highly significant strains.

The final stage in the procedure was to measure strains in a model
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breakwater subjected to simulated prototype wave attack. The instrumented

Dolosse were subjected to a variety of forces ranging from static loads to

quasi-static forces from fluid motion arosnd the unit to hydrodynamic and

inter-unit impact forces. The strain gauged units were placed randomly in

the armour layer. Wave heights were initially low then gradually increased

in increments until significant armour unit movement was observed.

Figure 8 shows an example of the output measured during a test

conducted with regular waves. There was excellent correlation between the

repeatability of the strain gauge signals and the wave period. The strain

levels recorded exhibited a marked increase with an associated increase in

wave height. Irregular wave tests were also run; a typical result is shown

in Figure 9.

The instrumentation peformed well throughout all aspects of the test

program and was not affected by the hydraulic environment of the breakwater

nor by abrasion from collision between adjacent units. In addition, the

lead wires did not impede the Dolos motion. Strain levels exceeding the

rupture strain for concrete were recorded in high wave conditions where

large armour unit motion was observed.

CONCLUSIONS AND CURRENT RESE&RCR

It can be concluded that the strain gauging system used presents a

viable means of determining strain levels and loads on a model armour unit

subject to simulated prototype wave attack in a hydraulic flume. This

method of determining prototype loads from model tests will enable the

proper structural design of breakwater armour units. Using the design

loads the optimum geometry of armour units, the size of the units and the

need for reinforcement can be determined. The economics of alternative
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means of strengthening armour units, such as by prestressing, could also be

examined.

Current research is being directed towards: (1) increasing the

sensitivity of the strain measurements and measuring the dynamic response

of the instrumented armour units, (2) Determining the optimum number and

placement of instrumented units, (3) Carrying out further material property

tests on the epoxy used for modelling, (4) Investigating scale effects by

using instrumented units of different sizes and materials and (5)

* Performing a statistical analysis of measured strain levels. In

conclusion, it is believed that this work will lead to improved strain

measurements and, ultimately, to a complete design procedure for armour

units.
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Fig. 1 - Instrumented Dolos Armour Unit

I

Fig. 2 - The Dolos Finite Element model
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Fig. 3 - Principle Stress Flow under Self-weight Loading

Fig. 4 - Drop Test Simulated with FEM
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DISCUSSION OF "MODELING OF ARMOR UNITS"

MR. DOUGLAS SCOTT

MR. COLE:

How many strain gages do you have on the mid-line?

MR. SCOTT:

We have 24 gages total, six full bridge circuits, and one bridge measures axial.
We have two shear bridges.

DR. McDOUGAL:

Two questions. One, Professor Dean brought up the effect of slope and stress,
and you said you did those kinds of tests. How did you see the stresses go up as a
function of the slope?

MR. SCOTT:

They did go up but how significantly is unknown. The tests aren't conclusive
enough to really say. We noted the increase, especially , if the units were placed at
the bottom of course.

DR. McDOUGAL:

The second question is you said you randomly placed units around the water
level, water line. Presumably they had different orientations and contacts with the
other units. How much difference in the response of those different units exposed to
the same wave conditions did you see?

MR. SCOTT:

We had two layers of dolos units. In the units on the surface, we saw
considerably more strain than the ones underneath.

DR. McDOUGAL:

Were the units in the top layer sort of independent of orientation relative to
each other and to the wave?

MR. SCOTT:

Yes, there would be quite a bit of variability and particularly variability on the
type of strain-for instance, which gages were recording the highest strain. Certain
gages will be recording simple strain, while others a tortional strain. We found a lot of
tortional strain, particularly once they were at the top of the armor layer.

UNIDENTIFIED SPEAKER:

With the assumption of linear behavior, aren't you limiting yourself as to
results? You can't really predict the mode of failure if you're assuming linear behavior.
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MR. SCOTT:

I guess that's something that should be elaborated more on. We're, in a sense,
trying to use them as load cells. So we want linear properties for that reason. We
don't want properties that are varying, are not linear, and are quite difficult to define.

We're trying to find out what simplified forces these units will see at models,
scale those up to prototype, apply those to a prototype dolos unit, and look at stress
distribution in the prototype. Based on that then you can make design decisions to
equal reinforcement to--

UNIDENTIFIED SPEAKER:

Regardless of what forces apply to a prototype unit, the behavior for a linear
and non-linear material is drastically different. Concrete is fairly reasonably linear up
to cracking. Once you get tensile cracking, there's a non-linearity right there. That is
a very real stress load.

MR. SCOTT:

That's if you want your dolos units to crack.

UNIDENTIFIED. SPEAKER:

I think the problem is sort of complicated. You see so many cycles of loading
area that if you want to design a good dolos, you're going to have to restrict yourself
to the linear side and the rest of it suits the purpose.

MR. SCOTT:

That assumes you're not going to reinforce it. If you're going to say you're not
going to reinforce the unit, it doesn't matter whether it's reinforced or not at the
beginning. I mean if reinforcement is effective, you're going to crack the unit anyway.

UNIDENTIFIED SPEAKER:

With most traditional designs, even if reinforcing is strictly linear range, you
don't have cracking. You can prevent cracking. All the standards.

MR. SCOTT:

In order to stress the steel, you have to crack the concrete.

DR. WALTON:

Could we save this particular point for discussion later? I would like to take a
few more questions.

DR. LIGTERINGEN:

I think the development should show--static fnrces or quasi static forces which
a unit may experience in the layer due to dead load and possibly due to the wave
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force. The question I have is how you interpret the dynamic loadings which, in my
opinion, are by far the most important in strength analysis of dolosse. The dynamic
shock of the units you have, applied to the model, will impact completely differently
from what happens in the prototype. So the strains which you measure are, in that
respect, not relevant, in my opinion.

MR. SCOTT:

On what basis do you say that?

DR. LIGTERINGEN:

Because the impact phenomenon is different if you have one unit, as you have
modeled it on another model unit, from what happens in prototype between concrete.
The plastic failure at the interface in the prototype creates completely different
impact phenomenon, impact momentum. The momentum is the same, but the maximum
force in there, the maximum strengths which are developed from it, are different.

At Delft, we modeled dolosse with strain gages about five years ago, and we
left that plan because we could not increase those dynamic stresses due to impact in
the proper way. We could not find a solution.

DR. SOBEY:

To comment briefly, I didn't see any dynamic stress or strains in those time
histories you showed. You went through them quickly, but it seemed nicely cycled
between second harmonic and--but there didn't seem to be any impact loading. Also,
for the particular case that I illustrated, I forget the wave we applied to it on that
particular case, but the units were not moving all that much.

MR. MAGOON:

I think one of the questions we were asked to consider here was the best
placement of units that are going to have 20 units or 20 bullets or whatever they're
going to put out there. Given the limitation that we have, maybe one of the ways
would be to in this type of model to try several tests of the unit configurations in
something like Crescent City. Would that get a reasonable comparison? Assuming the
absolute answer was not exactly accurate, would that be a reasonable way to go about
testing, to go about trying to evaluate where to put 20 units?

MR. KENDALL:

I just was wondering isn't that something you listed at the end as part of your
ongoing effort?

MR. SCOTT:

Yes, you are looking at prototype examples, using these models in the prototype
situations where there have been failures, to see if we do record stress that exceed
the failure in prototype.
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MR. KENDALL:

Goes back to our old saying about optimizing the place in the models that tells
you the most.

MR. SCOTT:

Yes, I think it would be an excellent means of establishing where we should
place the prototype units.
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"STRUCTURAL STRENGTH OF ARMOR UNITS"

DR. HAN LIGTERINGEN

Although I never start a presentation like this with a joke, some of you may
think our solution not to use dolosse anymore is a joke. Although this solution may ;
seem to be a bit too simple, on the other hand I have a feeling that in some parts of ',
the world the dolosse or any other standard unit is too easily accepted as the best
economic block that might be applied in breakwater engineering. I had this impression
when talking about solutions we have found for several rehabilitations using cubes.
People looked a little surprised to us and said, "Cubes? Really? Cubes? Those are
traditional, old fashioned." Yes, traditional and old fashioned.

I think it was J. F. Agema. When Agema was designing the breakwater Europort
in Rotterdam, he looked upon the economics of using tetrapods--other special cylinder
type units, or cubes and concluded that, taking into account all aspects of
fabrication, transportation, special care, which these cylinder units need, that you
come up with the cube again as the most economic solution. So I don't think we
should too easily discard it. On the other hand, we should not stop using dolosse
altogether because in some cases it may have a good applicability.

In my introduction, I touch a little bit on all the aspects of these two days. In
fact, I will be treating tests in models and prototypes. Computer modeling, and
prediction of impact forces within the framework of implications for design and
construction.

In the Delft Hydraulic Laboratory we analyzed a number of great failure cases
from the Mediterranean and the Atlantic coasts: failures at Sines, Portugal; Gioia
Tauro, Italy; Arzew, Algeria; Tripoli, Libya; and San Ciprian, Spain. Some of them use
dolosse, some of them use tetrapods. In all cases we found, from the reconstruction of
what happened, damage to the concrete armor units was an important contribution to
the final failures. We used in those analyses correlation of the observation in
prototype with the consecutive model investigations, and by doing so we improved the
ideas on the critical limits of what you can expect with each of these types of units
with respect to strength.

In the course of this analysis, we also came upon the gaps in the design
procedures and the knowledge about concrete armor strength, and therefore we began
a research group of more or less consisting of the same people aided with people from
the Concrete Research Institute in the Netherlands and contractors. We felt that the
contractors were important in this respect because the methods of construction are an
important part of the whole process.

In the first phase of this joint research, we analyzed more in depth these
failure cases. We came up with the state of the art in the concrete mechanics and in
concrete technology, and we came up with a definition of priorities as far as further
research is concerned. Now, elements of this research project are integrated into my
further presentation, whereas Mr. Heijdra will go into some of the aspects of further
research as we see them and which we would like to discuss with you.
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The first main conclusion from these damage investigations were that stress is

due to 1) settlement after construction and 2) rocking during storms. Rocking starts,
in all cases which we investigated, at significant wave heights in the order of three
to four meters, well below design levels as far as the hydraulic design of these
breakwaters was concerned.

The second main conclusion was that temperature stresses during curing may
introduce micro cracks, not only in cylinder blocks, but also in the larger, bulky types
as the cubes.

The third conclusion is that either with cracking or without cracking, stresses
which are left in the concrete due to curing, shrinkage, and settlement, lower the
effective tensile strength in the units. What is left there to be actually taken up due
to wave loads or due to an impact is a little smaller than five Newton per square
millimeter.

The fourth conclusion is that breakage of units leads to progressive damage,
which is something we should take into account in the interpretation of model test
results where this breakage does not occur and, therefore, the results, as far as
damage concerns, are conservative.

From these analyses we came up with global indications of the weight of
specific units above which the structural strength becomes important: the dolos,
beyond above 10 to 15 tons; tetrapods, at about 30 to 40 tons; and cubes, above 50
tons. It's a very limited conclusion.

If I look back to the damage to the two-ton dolos in the Cleveland breakwater
as discussed and presented by Mr. Pope two years ago in Washington, we should be
very careful with these crude figures. Still another conclusion of these investigations
was that great uncertainties exist regarding the actual loads, the stresses and the
effective stress.

Yet the designer cannot wait until all these questions have been finalized;
therefore, I will discuss the implications for design and construction today with our
present knowledge and experience. I do that taking into account that we have to
include safety margins, and I don't say that we have a standard procedure at the
moment. I'm very well aware that what WES is after-further development of a design
procedure--is something which has to be worked upon. I will show you how we try to
include elements to conclude aspects of concrete strengths to the best of our
knowledge. I will do that for the different design phases.

A designer likes to compare a number of alternatives, often at the very global,
superficial level in order not to limit himself too fast to a certain type of unit.
Already in this stage it's important to take the concrete strength into account
because, if you don't, you'll end up with finding a dolos or tribar as the most
economic alternative, economic in breakage in this case. Now, as far as hydraulic
damage is concerned, we have something like a Hudson's formula or Iribarren formula
to make these evaluations. We don't have such nicely grouped empirical data as far as
the structural strength is concerned. Yet, there's something we have. From a number
of-a prototype experiments, we have a global indication of the impact velocity which
might lead to breakage. Under very specific conditions, that is a fuli test, for
instance, of a unit on a horizontal plate, different from what probably will be
experienced in the prototype in the breakwater slooe itself. It aives an indication.
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This graph indicates for dolosse the impact velocity which is allowable for a
first hit or first impact to limit breakage as function of the weight. It indicates that
for that whole range of units we have some indications that, an impact velocity of
between 1 and 1 1/2 meters per second is the limit which these blocks may undergo on
the breakwater.

Similar results have been obtained for tetrapods, which indicate that to use the
same parameter, the impact velocity, foe tetrapods, four to five meters per second
would be the limit, whereas cubes show velocities in the order of five to six meters
per second.

Another piece of information which is valuable in this stage of the design is the
information we got from the model tests. The model tests also mean the large scale
tests we did on the delta flume (Holland), where you see here a section of the
emergency repair for the west breakwater of Sines in which two things are important.
The white blocks, which you see in the middle here, were blocks where we tried to
reproduce the concrete strength. It was not completely successful, as Dr. da Silva
mentioned, but in any case it was good enough to get a good reproduction of the
impact of these blocks when rocking one against the other.

The second important aspect is the two cables, which you see here, leading to
accelerometers in two of the blocks placed around to water level, accelerations
measured in three horizontal directions and providing us an indication of the level of
the velocity's impact, which was on the order of one meter per second.

The third important aspect, which Mr. Heijdra will go into, is the correlations
which we got between the Sines technique, measurement of rocking elements, and
measurement of the overall pattern of motions. From these accelerometers, we came
to the conclusion there was a good correlation among the three. That would mean
that once you have established that correlation, you don't have to continue the
acceleration measurements. You can stick to a simpler type of measurements and still
have an idea of the level of impact velocities.

I will briefly go into four elements of detail design: motion behavior, strength
analysis, the load determination, and finally the overall failure assessment.

As far as the motion behavior is concerned, the model studies for a specific
design give us an indication of the level of accelerations of impact velocities, and
integrating that with data on the spatial distribution of rocking, we can come up with
an overall analysis as presented this morning by Dr. da Silva. If we look to the
strength analysis, then, this is an example of how we measured, by means of strain
gages, the forces on the tetrapod in the past. We have left this method of
measurement because we have problems in interpreting the impact accelerations.

As for the actual effectiveness strengths of the units, at the moment we have
available a mathematical model which, for a cube, computes the temperature
development during curing, given a certain concrete mix, and, from that calculates by
a finite element model the stresses in the concrete during curing, again as a function
of the characteristics of the mix and the ambient temperature, The model has not
been extended to be used for cylinder type units. That is part of that ongoing
research.

These are the specifications for this particular case to 25 kilogram per cubic

meters of low heat cement, 25 degrees starting temperature, and an ambient
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temperature of 15 degrees. Now, this type of calculation may give us a first indication
of what is the actual effective strength which is left in the particular unit. It's not
sufficient because of the limitations which are, for instance, that we cannot at this
moment take this relaxation completely into account. It's only approximate. Therefore,
at the design stage I think we still have to rely on load measurements in the
prototype. With load measurements, I again refer in particular to the impact loads.
From our experience, we can say that static loads or quasi dynamic loads, the loads
due to the wave in the up rush or down rush, are lower, lower by a factor of five to
the impact loads which may be experienced by the blocks due to rocking.

I do not say that you should not look at all into those earlier loads, but this
one, in any case, has something to be taken into account. When looking to the loads,
we have this problem of interpreting what actually happens either in the model or in
the prototype during a full test. In the model we attempt to have an indication of the
impact momentum since we have the velocity and we have the mass of the block. We
still don't have, from either the model or the prototype, a good indication of what is
that side factor and what is the impact time, the side factor indicating he form of
the impact and the time which is the actual time that the force is felt by the unit.

Burcharth has been studying this problem, and we're planning to continue that
for other types of units, but it's a complicated matter in view of the fact that it's
not an elastic impact. It's a plastic behavior at the contact surface and, therefore,
we find at this moment that impact times, fortunately, are much larger than what the
elastic theory would predict.

Ideally, in the design stage for a breakwater we would do prototype loading
tests at full scale. If I show a cube as it has been tested as Sines, that is not an
example of an ideal situation because in this case the emergency repair was already
going on while these tests were being done. The same applies to the tests which were
discussed this morning by Dr. da Silva. These also were impact tests which were done
at the same time that the construction was going on.

The result of these tests was a nice crack. I have another example of prototype
tests which were done during the design phase, and that is for the europort
breakwater in Rotterdam, about 20 years back. We had cubes there, and we were very
careful to look into their dynamic properties, but the cubes were investigated by
means of fall tests prior to the construction. That 40-ton cube failed, and another
failed after a certain fall height.

Now, this just gives you the picture of the elements, in fact the ingredients, we
have in detail design at this moment. Model studies, complications of the effective
stress and strengths of the units, load assessment from the hydraulic model, and
finally, ideally, the load measurements at full scale in prototype.

Finally, I would like to say a few things about tender specification and
supervision. Again, in the tender specifications, the designer should now take into
account concrete strengths aspects if we are dealing with units which are in critical
zone in that respect. That could be done in the definition of the concrete mix design,
which could be done by specifying the fabrication methods, and it should be done, in
our opinion, by concrete testing and full scale dynamic tests.

Regarding the first two, we have reservations in going too far in specifying the
concrete mix and the fabrication methods. Just because it limits the number of
pontractors which might be able to tender, it also eliminates the possibility of giving
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the contractor his own, let's say, ingenuity in arriving at an optimum strength of
those cubes or those units. So if we look here to a work which is just started, which
was already discussed this morning. It's the east breakwater for the new port of
Sines. It's here that my firm has taken the approach that we should specify only in
general terms what is needed as far as the concrete strength is concerned, and ask
the contractor to come up with a proposed mix and have a final acceptance of that

AI on the basis of prototype tests and temperature measurements of fabricated blocks.
So, in fact, we allow here a discussion with the contractor to come to an optimum
design, which, I agree takes some time. On the other hand, I think it's most
worthwhile in order to arrive at an optimum solution.

Just to show you briefly how that cross section looks: it's a very mild slope
again. Breakwater is in 25 meters of water depth, significant wave heights for design
in the order of 12 meters, and, therefore, even with this model slope, we still have
60-ton units, cubes, which should withsta-id the waves.

Then, finally, as far as supervision and monitoring is concerned, I will present a
few aspects related to concrete strengths, underwater inspection, quality control, and
monitoring after construction.

Supervision means that full tests which are specified in this process of coming
up with a final mix should in any case be very carefully analyzed. As far as the
construction is concerned, which starts after that, we think that it's mandatory that
diver inspection of the breakwater, during construction, takes place. It's too often
that, due to the rough conditions and all other kinds of practicalities, divers are only
now and then allowed to look at what happens. I think it's very important, in those
cases where the concrete strength is a problem or may be a problem, that the units
are placed by the aid of divers and supervised by divers.

Of course, underwater video may help here, underwater video. I think in that
* respect the original construction of the Sines breakwater had very good inspection.

Finally, one should watch a too regular placement. That's the other side of the
picture, especially with concrete cubes. The process of positioning is good, is diver
assisted, then the contractor tends to end up with a neatly placed layer which is not
good at all from the point of view of porosity. A warning there.

Then, finally, the monitoring after construction. You know that beyond working
on constructed breakwaters all over the world, surveys resulted in replies from
different countries on about 150 structures, and there was a lot of information on the
design and it was lot of information on construction, but there was very little
instruction on what actually happened to the breakwater afterwards. That's also the
reason why one of the recommendations of that working group is that monitoring after
construction is being more regularly implemented either by the government or by a
port authority. It takes a little bit of money, compared to the overall construction
costs, and that requirement should really be spent. In that respect, I think we should
compliment the Waterways Experiment Station with their attempts to monitor this
breakwater at Crescent City, although you cannot call it actually monitoring after
construction. In any case, it's an exercise which will give us good information on what
actually happens in the prototype.

Similar ideas are being considered by Belgium at the moment on their Seurbourg
breakwater. Again, we should look to those results because we have then a set for
dolosse and we have a set for cubes.
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As far as the construction of the east breakwater in Sines is concerned, we will
certainly propose a monitoring program to the client. Whether we will be able to
come to a level of monitoring as it's envisioned here at Crescent City, I doubt. On
the other hand, taking into account my earlier remark that there is a correlation
between acceleration or velocities and, say, displacements or settlements, we might
come up in the future also with easier monitoring methods on the basis of the
knowledge we gain in this type of prototype experiments.

'1
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DISCUSSION OF "STRUCTURAL STRENGTH OF ARMOR UNITS"

DR. HAN LIGTERINGEN

DR. McDOUGAL:

Would you comment on instrumented hydraulic model tests in the light of
instrumented prototype units?

DR. LIGTERINGEN:

I think our main problem in having model units instrumented is that the impact
phenomenon is not well produced. As far as that is concerned, the prototype is a
great advantage because there the impact phenomenon is very well reproduced. So,
looking to prototype instrumentation, I think our preference for acceleration
measurements is relaxed. Having strain gages in the prototype units has, in any case,
the advantage that you not only measure stresses due to motions but also stresses due
to dead loads and weight. So there's an advantage there. On the other hand, I like
very much the combined approach which we have been seeing this morning of having
both the accelerations and the strain gages.

* DR. SOBEY:

You commented in the previous discussion that Mr. Scott's approach
representing the elastic modeling material wasn't satisfactory. What, in addition, do
you need to model? Is it plastic behavior, the rate of strain, or--

DR. LIGTERINGEN:

Yes, the rate of strain is very important. What we did in those tests in the
delta flume is not only modeling the models of elastic but modeling the rate of strain,
the number of other parameters. I think I have some of those data with me. If you are
interested, I can give them to you. They are also reported, I think, in the Washington
conference of 1983 of coastal researchers. So the only thing we were not able to
achieve in those experiments was the abrasiveness. The model concrete was a little
bit too soft and we ended up, after a test storm of 12 hours, with nicely rounded balls
instead of the worn out cubes you spoke of. That's why we were not completely
satisfied with this and so our investigations into finding solutions for a model
concrete, let's put it like that, are continuing on the scales which we can achieve in
the delta flume.

I think Dr. Heijdra will go into that a little bit more in detail.

DR. GALVIN:

I would like to comment on this interest in the impact. It seems to me that in
the natural conditions, the static tests are fairly applicable. The reason I say this is
the typical wave periods you get in nature are on the order of 8, 10, 12 seconds, and
the rise time in a breaking wave, even on a breaking wave, is probably not less than a
tenth of the wave period. So you're talking about times on the order of one second,
whereas I think the dynamic effects that most structural engineers are worrying about
are on the times of millisecond or something. Perhaps Mr. Cole or somebody could
comment on that.
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DR. LIGTERINGEN:

Yes.

DR. GALVIN:

So, there are two ways that the impacts are important. The impact of the wave
on the armor unit and the impact of one armor unit on another.

DR. LIGTERINGEN:

I'm talking about level.

DR. GALVIN:

As long as you're not talking about all those flying mis,:'!s. Talking about
armor units moving under water, there's a very large inertia in each of these units
and, in addition, they've got the fluid forces, the drag forces, on the units which
prevent them, I believe from moving very fast.

DR. LIGTERINGEN:

I don't think so. As I showed, the acceleration measurements on the cubes in
the model gave us maximum integrated accelerations in the order of one to two
meters per second. We have found maximum velocities on tetrapods which are moving
in the order of two to three meters per second, and I think that the same applies to
dolosse. So, I'm talking then about two phenomena.

The first is the rocking of these units in situ, small movements around their
mean position. The second is the impacts of the unit which is hydraulically, by the
waves, moved upwards or downwards over any distance longer than its characteristic
dimension, and hits then, while finding its new place, hits then on its neighboring
units. I'm thinking in both cases the velocities upon impacts are appreciable and, in
our evaluations, creates far larger forces than, even that hydraulic impact of an
impacting wave on a fixed unit.

That is exactly one of the points which I summarized in my conclusions. It's this
under-estimation of what the magnitude of the movements in the layer is. Hydraulic
engineers have been looking upon a breakwater as a static construction. Now, if you
look to the single frame movies of a breakwater slope, then you see that around the
design wave height it's a ground motion, it's in continuous motion.

DR. GALVIN:

I'm not denying that. It's just how fast is that motion?

DR. LIGTERINGEN:

Yes. Well, pretty fast.

DR. GALVIN:

Is it fast enough to be considered dynamic motion from the structural point of
view?
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DR. LIGTERINGEN: ;

Yes. As soon as it is a motion, you get an impact, colliding, two units, one
against the other, and it becomes a dynamic prbblem iven though the impact
velocities may not be large enough to create breakage. It's a dynamic problem and, I

. think, should be looked upon as a dynamic problem.

DR. ZWAMBORN:

I would like to come back to the question of whether you can model the impact
structure. I think what we're really looking at are reflective characteristics on the
model material and possibly a crushing characteristic of concrete which is up to scale
to get to correct deduction in the model before you can get the corrective production

* in the model. I don't know whether you looked at those aspects when you developed
the materials. It's a material problem. You said in Delft you tried this and you came
to the conclusion that it's not feasible.

DR. LIGTERINGEN:

Well, we haven't found the final solutions. I don't say it's not feasible but--

DR. ZWAMBORN:

This morning you said it's not possible. I think it's possible provided you can
develop that sort of material.

DR. LIGTERINGEN:

Okay. Well, that's right. As soon as we can come up with that solution, we may

go back to the strain gage track. Yes, I agree.

MR. SCOTT:

I would like to make a comment. We're not really looking at the forces that are
involved in a dolos in lifting up and flipping over the breakwater. We're concerned
with just the small motions.

DR. LIGTERINGEN:

The small motions give large impact velocities.

MR. SCOTT:

I question that.

DR. LIGTERINGEN:

I will show you the results.

DR. ZWAMBORN:

If the material characteristics are different, you have a slight yield. When the
impact force may be a fifth or a tenth of impact forces without it, that makes
enormous difference. If you are working on the base of stresses and loads, then you
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may have a problem. I am glad you mentioned there's light on the horizon in terms of
the correlation of movement. Again, the techniques of measuring movements on the
order of magnitude are easier than when you have to instrument units. I also think it's
interesting more and more people are writing papers about that now. One or two or
three of ten units, it's still an enormous evaluation of breakwater which may have
20,000 or 30,000 units.

DR. LIGTERINGEN:

I agree, and in that respect, in fact, I had a question to Gary Howell this
morning whether aerial photography is envisioned as far as the Crescent City
breakwater. Because that would give an idea of spatial arrangements which could be
correlated to impact velocities or whatever.

MR. HOWELL:

Yes.

DR. DEAN:

I was wondering whether these impact forces that cannot be modeled would be
larger in the model or smaller in the model than they are in the prototype. Because
even that is valuable information.

DR. LIGTERINGEN:

I think the impact forces are larger.

DR. DEAN:

In the model?

DR. LIGTERINGEN:

The impact time is much more short in the model.

DR. DEAN:

So the forces would be larger?

DR. LIGTERINGEN:

The forces are larger.

DR. DEAN:

Even that is valuable informatior.

DR. LIGTERINGEN:

That is true.
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DR. DEAN:

That can tell you quite a bit about the prototype. It gives you an upper limit.

DR. LIGTERINGEN:

Y es.
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"MOVEMENT AND DESIGN FORCES; DETERMINATION AND PREDICTION BY SCALE

M 0 DE LS"

DR. G. HEIJDRAI

DR. HEIJORA: 4A
I want to present our experience in movement and how to detect the damage in

hydraulic models.

My presentation is titled "Movement and Design Force, for Armor Units;
Determination and Prediction by Scale Models." We have already looked at predictions.
I will emphasize the measurements techniques we are using at the Delft laboratories. I
will spend a few minutes discussing the prediction methods for design forces. (Slides
shown here).

I first want to talk about the hydraulic damage. We distinguish between
hydraulic damage and rocking damage. Hydraulic damage is classified as the damage in
which the units have greater movement than the diameter of the unit itself. Rocking
damage is classified as the movement for the unit which is smaller than the diameter.

You have several opportunities to measure the hydraulic damage. First, you
have- visual-observation. Second, you have the figure and movie opportunity. Third, you ..
have the high speed camera technique, and fourth, you have the color photographs
taken after each test run. In fact, I have mentioned some of the positive items or
negative items for each measuring technique for these observations. For instance, you
have a good global impression of what happens during a test run.

You see the total cross section or total, say, position of a half of the structure.
On the other hand, you cannot do that for the whole test run, so you are restricted in
time. I think it's more important because you have no records about it so you lose your
information quite quickly. Overall, I think looking at the model tests very often a very
important measuring technique.

Field techniques and the movie support part of visual observation, but it is
restricted in the area because you can't have the overall part of the total
construction.

With the high speed camera, you can have the opportunities of measuring the
movements and the velocities of units rocked. It's a global instrumentation, a global
possibility, but it gives you the idea. You can also have an idea about the load scheme,
but you are restricted in time. I will show in the film some of the high speed shots.

Color photographs provide the measurements we're using in Delft quite often.
They offer a total view of the cross section or total view of the head or elbow of the
construction of the breakwater, giving the opportunity to see what happens with
movements of the units more than one diameter. You can count the number of elements
displaced, so after the tests you have an indication of how many units are moved away.

It's difficult to take such color photographs. I will show you on the next slides.
They are taken from the head of the Sines breakwater, one of the largest models we
have had in our laboratory. You must imagine that this is the dimension on the root of
the breakwater of about six meters and it is height of 80 centimeters, so the area is
very, very large.
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Each unit represents in nature an armor unit of 90 ton. So you can imagine, I
thought about 10 thousand units were placed on the head of the breakwater. You can
imagine that color photographs are a restrictive measurement device for indicating the
damage, but I think on the next slides you can see what happens.

You see quite a lot of damage. It occurs with the significant wave height of
about 10 meters. Here you see what happens when you have significant wave height of
about 40 meters.

We can get information about which unit has moved and also we get information
about the rate of movements when we look at the photograph closely. It's a good
method, especially when we combine it with acceleration measurements where we have
the opportunities to correlate the movements on one side and the accelerations and
impact velocities on the other hand. Together these give a good opportunity to assess
the impact velocity and, from that, the forces on the units.

So the overlay technique has several advantages and several disadvantages.
First, the advantages. It gives displacements of the total test run but also of the total
area. It gives the slightest displacement of our visible. That does mean that when we
have displacements of about one or two millimeters, we can watch the overlay
photograph. So it gives us a good opportunity to see what happens about the movement.

The problem is that we can take pictures only after some time of the test run.
So we don't know if it is settlements or one movement or rocking. I think what we are

.. doing is that that we stop during a test run, several times, and we compare. Say, when
we have a test run of about 12 hours in nature, then we stopped after four hours, after
eight hours, and after 12 hours. When we compare the displacement after four hours
and compare displacement after eight hours, we have an indication if units moved for
the first time in the first four hours the same as displacement of units in the other
four hours. So that gives an indication if we have to do settlement or rocking checks.

Another disadvantage of this technique occurs when we have too much hydraulic
damage. Then the overlay technique is giving a good idea of the displacement itself
because it's influenced by the blocks displaced to another area,

When compared with the Sines technique, we have the opportunity to see the
difference between settlement and rocking. On the other hand, we have only a very
restricted area. The second disadvantage is that we have an idea of what happens only
near and above the water level because the technique is that we have a spot on an
area where there's no water movement. So we can't see on the film what happens
beneath the water line.

Our experience is that on very steep slopes there are problems because of the
wave trough. The next wave comes soon, and we can only take a picture when we're in
a wave trough, before the other waves come on the breakwater slope.

Another method we have is to measure the accelerations, or the bending
moments. We measure the bending moment during the test run. We can do that in two
ways. We can fix the model elements so we have an indication of the wave forces on
the typical date, or we can use a free unit and get some information about the rocking
phenomenon. We want an Indication of the results to have an idea of what happened as
a result of the wave or impact forces. We want to have an indication of the actual
damage we can expect on the cross section of the breakwater. (Graph shown here).
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On the horizontal axis you see significant wave height. On the vertical axis you
have the rate of seriousness of the damage. It gives an indication of the percentage of
units moved. It's not only the percentage of units moved on a cross section, but we
also see what happens on a specific spot. For instance, when we have three or four
percent damage throughout the cross section of the breakwater, it's not as dangerous
as when units move from a specific spot. So from the classification model, we decide
that for more than three or four displaced units, it has the classification moderate.

The diagram shows not only hydraulic damage, but we also want to know what
happens when a certain impact velocity has increased. Here is the diagram for an
impact velocity of three meters per second. This gives us the opportunity to, for one
significant wave height, see what happens due to hydraulic and rocking damage.

When you see the acceleration measurements and strain gages for measuring the
bending moments, you will see the advantage of this measurement technique is that it
gives an indication of the velocity. Only an indication. There is some disadvantage in
that it restricts in time and space because there is only one, two or three units for
measuring the second. That is the disadvantage that was previously discussed: the
characteristic of the collision is different. Other disadvantages are the scale for
different measurements and the fact that it measures only one wave direction because
the accelerometer. The units are too small to measure more.

The strain gages for measuring the bending movements have the same
-advantages and disadvantages. An additional disadvantage is that it is located in a

predetermined crosssection and we can use strain gages only in slender armor units
and not in units like cubes.

(Slide shown here.) This cross section shows several locations of units where we
measure acceleration. This shows our three units equipped with accelerators, and it
shows you that only the middle one here by the water level has impact. It gives a good
indication of the effects of impacts due to the wave forces. It shows the impact ofrocking. It gives an idea of magnitude and what can give. It answers a question asked
during Ligterlngen's presentation. It shows the time of impact is much shorter than the
time of impact due to the wave acting on an armor unit.

DR. McDOUGAL:

Is that wave plotted to the same time scale as that impact load?

DR. HEIJDRA:

Yes. It's the same scale.

DR. DEAN:

Those are actual measurements?

DR. HEIJDRA:

Yes, influence due to the collision is not on scale.
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DR. HEIJDRA:

We can overcome the problem when the frequency of the accelerometer is much
lower than the frequency of the impact. Then we have a good indication of the pulse.
When we have a good indication of the pulse, we can translate to the real force acting
in prototype, when we have indication of parameters. So the shape parameters. These
two formations together give an indication of the impact force acting on breakwater
armor unit.

Now I want to compare rocking and hydraulic damage. (Series of slides shown
here.) On the horizontal axis you see the removed units to another color band or the
rate of rocking and, on the other hand, the seriousness of rocking divided by the
number of physical elements. Here is a very good agreement of these two kinds of
damage. So when we have high hydraulic damage, we can expect that a lot of other
elements are rocking.

So when we ha, e a model test on this measurement technique with color
photographs, we get an indication of what happens with units that are rocking. It's
difficult to say that it's the same for all kinds of units. These results are from cubes,
but I think it gives a good indication of what can happen.

I have another comparison of several measurement techniques. Here, on the
horizontal access, you see acceleration measurements. The first class of the
acceleration measurements shows movement of units during five percent of the
incoming waves. For the second class, up to 30 percent of the units moved and, in
class three, more than 30 percent of the units moved.

The Sines technique is more or less the same. Visual observation is difficult
because you have your own impression and you have to compare that with the other
results. When you see the results compared--six of the total of about 11, so more than
50 percent at the same classification visual observation and acceleration measurement.

The same applies for the Sines technique and the acceleration measurements
because we have to add up these (reference to slide) for the total combination. The
overlay technique and acceleration measurement is more or less the same. About 60, 70
percent give the same classification. Only the Sines technique and the overlay
technique show problems. Only 30, 40 percent give you the same classification.

Due to the steep slope of the breakwater, the Sines technique gives some
problems by analyzing the shocks.

I'm going to make some comments on breakable units because you are now
seeing only the units that can't break. These efforts to make units that can break
gives us quite a lot of information, especially information on progressive failure.
Progressive failure occurs when an armor unit moves from one place to another and
col'ides with the resting unit, which can break, too.

The problem is what kind of material to take. That collision characteristic is
very difficult to scale. When we have the material, then we have material that we can
use on only one scale. Because, especially with dynamic elastic models, we find
different data for each material. So when we translate from concrete to the material
in the model, we can use that material for only one scale.
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The third difficulty is getting a good indication of the actual tensile strength or
effective strength tensile. Dr. Ligteringen talked about the indication of shrinking and
so on. The National Research Council in Canada has performed some tests with
breakwater armor units that can break, but each of the units is good for only one test.
When it breaks, it is thrown away. It's fairly costly.

I will make a few comments on the study Dr. Ligteringen presented. I have with
.me some descriptions of the study performed in 1983, and if you are interested you may
have one (see Appendix A for description). The study aims to look for design rules for
structural strength in a level that is equal to the hydraulic design level. Now we have
only Hudson's formula to calculate the weight of the unit. M aybe there are some
additional modified equations or diagrams. We developed some diagrams for stability of
elements. I think that our aim for the study is to develop some design rules for the
structural strength at the same level.

The study we carried out in 1983 was on loading, strength of concrete armor
units, and concrete technology. I want to show you some of the results on loading.
(Series of slides shown here). This shows the relation we found for the breakwater at
Gioia Tauro, Italy, where prototype test situations reveal the damage. It is presented
here in two sections, one and two: eight percent, 31 percent of the dolosse units at
Gioia Tauro are equipped with 50-ton units. After a storm, a storm with signature
significant wave height of about seven meters, the same as the design storm for that
breakwater, eight percent of the units break for a typical section and, for another
section, 31 percent of the units break.

DR. GALVIN:

That was the wave height?

DR. HEIJDRA:

The wave height was 7 meters. That was also the design significant wave
height. They measured in the waveward of the storm, so what they have done in the
model test is that we Kdve the same wave data in our flume when we perform the test.

This is the hydraulic damage: keep in mind as determined by the color
photographs: 2 percent, 12 percent.

Then rocking damage, which we try to analyze by Sines technique, by overlay
technique. It gives in total, the six percent or 22 percent that you can have in the
model. That is different from the damage in prototype, and, it gives the indication that
the measuring technique used in models does not provide the last answer you can give
to the client.

The damage in the model increased somehow due to the effective unbreakable
units, and we have done it for another breakwater for ourselves. When I say "some
how", I mean that you can get some more damage up to about 28 percent in this
example but not the real damage prototype. Maybe the problem is that it's very random
and it's typical situation and so on.

Here is the example of Gioia Tauro. You will also see it in the film. That is the
reason I present the data here.
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DR. ZWAMBORN:

Is that the actual measured rocking?

DR. HEIJDRA:

It's the actual.

DR. ZWAMBORN:

So you haven't allowed anything for underwater?

DR. HEIJDRA:

This is only for the stages of near the water level and above, and we predict in
the way the damage for rocking for the part underwater.

DR. LIGTERINGEN:

Estimated overall rocking of it.

DR. HEIJDRA:

Yes. The second part of the study dealing with the structural strength came out
of the following figure. It gives the impression of the kind of calculation methods you
can use for calculating the physical load due to impacts to get an indication if it
breaks or not.

On the vertical axis, you see the critical loading. The horizontal axis gives the
relative length of the crack. When you have vehicle mechanics, you have a horizontal
line. Above the line it's unsafe, under the line it's safe. You can have a modified
structural mechanics by this line where you have a reduction of the area, the cross
section, due to the cracks.

The second graph gives an indication of the fracture mechanics. Up to a ce-tain
level, the structural mechanics gives you enough information to design the structiral
armor units due to the impact loads. Only when there is a very large crack on the
outside do we have to use the fracture mechanics. I think that could be important.

There's only one problem here, and it is the same. We don't get an indication of
the shape of the impacts in prototype. What we intend to do for the next program is to
combine these two things, mechanical loading by measuring acceleration in hydraulic
model and measuring the load time relationship of concrete. We have to do the latter
in two scales. First, we want to have to test it on a larger scale to see if there are
any scale effects. They expect that there are not scale effects from crushing of the
concrete. When we have the load time relationship, we can get an indication of the
shape of the impact, and with that figure we can analyze mechanical loading in the
modeling.

The second point is that we want to calculate the actual strength of the
concrete which is in the identical model. I think that the measurements show this
morning by (another speaker). Offer a good possibility to check the calculations with
the same results as what actually was measured.
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In the future, we will also want to devote some more attention to the concrete
technology and to get some design methods to design concrete elements related to the
impact loading we could expect for breakwater armor units.

I would like to show the film now oecause it gives an impression of what can
happen.

This film is about the breakwater at Gioia Tauro. I told you a few minutes ago
that the Gioia Tauro breakwater was designed in 1970, using sixty tonne cubes. It
collapsed in 1977 due to a flood wave of about eight meters caused by a land slide just
in front of the breakwater. When designed again, the specific wave height was about
eight meters. They used 50-ton dolosse armor units. The film spends some time on the
measurements of that construction of Gioia Tauro. Thank You.

FILM NARRATION:

On September the 31st, 1979, and January the Ist, 1980, part of the breakwater
at Gioia Tauro, in the southwestern part of Italy, was damaged during a storm. A large
number of dolosse were broken by the waves. In order to observe what has happened
during the storm, a small-scale model investigation was performed at the Delft
Hydraulics L aboratory.

Part of the breakwater was constructed in a 50-meter-long and 1-meter-wide
wave flume at a length scale of I on 45.

The dolosse had several colors in order to detect displacements. On December
the 31st, at 20:00 hours, the first movements occured. A high speed camera was used in
order to show the movements as they would have occurred in nature. At 23:00 hours
the significant wave height had reached a value of 6.5 meters. A large number of
dolosse were rocking at this moment.

In order to detect the rocking of dolosse, single-frame film exposures were
made each time the water surface passed a selected level. By comparing two
successive exposures even the smallest movements can be observed. The behavior of
this part of the slope during the storm was as follows: At 16:00 hours on December
31st, at 18:00 hours, at 21:00 hours, 22:00 hours, at 23:00 hours, at 0:00 hours on
January the ist, the top of the storm.

Then the intensity of the storm decreased; consequently the rocking of the
dolosse decreased.

At the top of the storm the significant wave height was 7.1 meters.

This figure shows the total number of dolosse displaced during the storm in a
section of 45-meters length. It can be seen that the waves were breaking just on the
breakwater slope. When the distance between the breaking point of the waves and the
breakwater was increased, breaking waves no longer hit the structure, which resulted
in much less damage. From the tests, it was concluded therefore that the shape of the
foreshore was one of the main reasons for the large amount of damage. Therefore, a
new design was tested in the wave flume and modified in order to get a structure able
to resist wave attack as occurred during the storm of January st, 1980.
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DISCUSSION OF "MOVEMENT AND DESIGN FORCES; DETERMINATION AND

PREDICTION BY SCALE MODELS"

DR. G. HEIJDRA

DR. ZWAMBORN:

One figure you showed was the comparison of what I could call displaced units.
I think you called it hydraulic damage and the rocking units, and that compared very,

very well. Was that based on a flume test?

DR. HEIJDRA:

Yes, it was on a flume test.

DR. ZWAMBORN:

I would like to sound a warning that that is not generally applicable. I think you
mentioned that, but I like to stress it because we used exactly the same measuring
techniques in an extensive study we did. On the breakwater trunk, we found about 50
percent displacements and 50 percent rocking, compared vry well. On the head,
however, this was completely different.

MR. MAGOON:

I think that the mechanism at the head of the breakwater is completely
different.

DR. ZWAMBORN:

I would like to stress that people should not go away from here with the idea
you can equate it.

DR. HEIJDRA:

I think that is a good comment because what happens on the trunk is completely
different also from the hydraulic point. I also think the formula of Hudson gives good
information for the forces acting on the trunk, but only by multiplying. He felt the
coefficient gives an indication of the weight on the head of the breakwater. It has no
relation between what physically happens on the head of the breakwater and the
formula you are using. I think that is the same comment you have for the rocking
phenomenon that you have on the trunk compared to what happens on the head of the
break w ater.

MR. LILLEVANG:

Was it the same wave train that was striking the thing through all of these
hours that the man was commenting on and were they monochromatic?
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DR. HEIJDRA:

No, sir. Varying waves.

MP. LILLEVANG:

Spectru m-type thing?

DR. HEIJDRA:

Y es.

MR. LILLEVANG:

Have you determined the reasons for the duration of the apparent stability
preceding the motion and then finally damage--without a change in the waves?

DR. LIGTERINGEN:

There was an increase in wave height. These were different steps of wave
heights.

MR. LILLEVANG:

Ah, well, that's what I asked.

DR. LIGTERINGEN:

No, it was not.

MR. LILLEVANG:

If it was the same wave all the way.

DR. LIGTERINGEN:

No, it was not. There was an increase in wave height. It actually simulated the
hydrograph that occurred in the prototype. So with increasing wave height, we saw this
increase, this starting of the rocking.

DR. HEIJDRA:

So they measured actually--you are talking about the film, aren't you?

MR. LILLEVANG:

Yes.

DR. HEIJDRA:

They measured in prototype with a wave board, on 70-meters deep water.
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MR. LILLEVANG:

I'm glad that has been corrected because it was my impression that you had the
same wave train hitting it throughout.

DR. HEIJORA:

No, no.

DR. WHALIN:

It was a spectral wave. I don't know if the shape changed or not.

DR. HEIJDRA:

The spectrum wave in nature acted the same as what we have performed in--

MR. LILLEVANG:

Well, there were some of the waves in that situation which appeared to have
virtually a double breaking effect, and we couldn't see enough of it to get an idea of
what that phenomenon was. Was it something of a longer period moving at a higher
speed catching up with a shorter period while in the spectrum so we had a doubling up

. - of -attack at a- critical point? What happened there?

DR. HEIJDR A:

I think the most influencing phenomenon is the foreshore itself, because near
what we have seen just in front of the trunk, there was a nick in the foreshore itself.
On that nick, the wave breaks, and I showed you on the sheet the difference in damage
on those sections. One section showed less damage and one showed greater damage.
The greater damage was caused by the crushing breakers due to the nick on the
foreshore.

DR. LIGTERINGEN:

The effect which you saw in the movie was indeed a short smaller-period wave
which breaks and by being--

MR. LILLEVANG:

Caught up with it.

DR. LIGTERINGEN:

Caught up with longer wave, that is true.

MR. LILLEVANG:

There's a firm that has patented a procedure for doing that to create waves in
surfing beaches for recreation--in the middle of Kansas--where they propagate a series
of waves of progressively longer period with minimum input of energy to the wave
machine. They design it to break at just the critical point where the surfers want to
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ride a wave. These waves build up, and they break as one hellish great wave. Great
fun is had by all at minimal cost.

DR. McDOUGAL:

We model their idea.

DR. LIGTERINGEN:

In fact, it once more illustrates the importance of spectral testing because it
was those combinations of waves which created most the damage.

DR. ZWAMBORN:

I want to ask about the accuracy of the measurements of velocities. You
integrate the accelerations, I presume. I think you did stress it was only approximate,
very approximate. Can you give the reason for that? Is that because it's such a small
scale or the basis of the technique?

DR. HEIJDRA:

The problem here in this model test was that the period of the accelerometer
........ ...w.as in the same value of the period or the frequency of the impact, so it gives--

DR. ZWAMBORN:

You mean the resonancy frequency of the--

DR. LIGTERINGEN:

Was nearly the same.

* DR. HEIJDRA:

We have now some accelerometers which check different time and different
frequency, but the measurements we did earlier were the same value, and then we have

some problems because it's increasing and we have oscillation.

DR. ZWAMBORN:

Does this apply to your data numbering measurements in Sines?

DR. HEIJDRA:

No, it doesn't apply for Sines.

DR. ZWAMBORN:

So what's the accuracy of that measurement then? Is it plus or minus one meter
per second if you're--
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DR. HEIJDRA:

I can't give you percentage, but I think it's not very far to mention it because
you have no comparison with the actual failure that can happen. The only thing is
when we want to measure with accelerometers that the natural frequency of the
measurement devices is an order different from the impact time.

DR. LIGTERINGEN:

May I add to that that in all these experiments it's important to have the
parallel to the actual flume experiments, the calibration of these units, instrument
units, just under control conditions so you know at what height you let them fall on
the plates, and you correlate those records with the ones you see in the prototype or
in the models.

MR. MAGOON:

Maybe one observation. I think Dr. Galvin commented that the velocities of the
units might be relatively small under water, and in the film you showed, it looked like
there seemed to be a difference in the below water and above water. The units seem
to be moving relatively slowly under water. Did I miss something, or is that a real
effect?

DR. HEIJDRA:

No, in what we measured with the acceleration measurements, there was no
difference in velocity of the impacts under water or above the water level.

DR. SOBEY:

This is under the trough or under the mean water level when you say "under
w ater"?

DR. HEIJDRA:

Under water. So when you have a unit and the unit is impacted under water.
That may be under the wave trough and the velocity is the same.

DR. ZWAMBORN:

Can we just get this clear? Are you talking about units sitting above water and
units sitting below water? Do they give about the same? Because the question you put
is really the units which are under water at the time act--

DR. HEIJDRA:

Y es.

DR. ZWAMBORN:

-- with natural results. I think there are two different--
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DR. HEIJDR A:

I think you have to compare impact results, and that's very difficult to
compare. Statistically we found no difference in the impact velocity above water and
below water.

DR. ZWAMBORN:

That could be when the trough is right down and the dolos itself or the unit is
above water at that moment.

DR. HEIJDRA:

Y es.

DR. ZWAMBORN:

Above the actual water level.

DR. HEIJDRA:

Or below the actual water level.

DR. ZWAMBORN:

Because my experience, too, is that the units being under water at a particular
time, the wave may be here, and this one is also under water--

DR. HEIJDR A"

Y es.

DR. ZWAMBORN:

-- the movements are different, looks smaller. Looks smaller.
DR. HEIJDRA:

When we looked at the statistical registrations, we didn't find a difference.

DR. ZWAMBORN:

You would have to relate the actual instrumentation measurements with the
actual water level at the time if you want to answer your question.

MR. MAGOON:

Just look at the ones at the very bottom of the flume that were rotating
differently. I guess it's the deceleration you're worried about when it hits some object.
So that the velocity was lower down at the bottom of the flume and right after that.
That's what I was trying to observe.
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"BREAKWATERS AND BREAKING WAVES"

DR. CYRIL GALVIN

DR. GALVIN:

If you remember, Dr. Ligteringen began his discussion with the statement that
the way to solve the dolosse problem is to not use dolosse. The results of what I'm
going to talk about today will only slightly modify that. Don't use dolosse when the
wave heights exceed 20 feet or 6 meters. I would like you to think about whether or
not that would have been good advise in your own personal experience. If you
remember Dr. Whalin's opening remark this morning, he mentioned that one of the
instigations for WES's research into this subject was three structures in the Bahamas
with three different weight armor units. The two smaller ones were not damaged, as I
understand it, and the larger one was damaged. Is that correct?

DR. WHALIN:

During placement, and they were on the same structure. On a floating plant, not
due to waves. They were tribars.

DR. GALVIN:

I said armor units.

DR. W HALIN:

I don't think I said this morning, but they were tribars.

DR. GALVIN:

Okay. Well, the last speaker showed damage to some dolosse structures. The
critical damage occurred when the wave height was 7.1 meters as I remember.

I would like to read the abstracts of the paper I'm referring to, at least the
first paragraph.

(Reading) Based on the analysis of this paper, unreinforced dolosse at the water
line with typical rubblemound structure are expected to break when wave heights
exceed 14 for 3,000 psi concrete, to 20 feet for 6,000 psi concrete. For metric
equivalents, 4.3 to 6.1 height meters. These critical conditions are independent of the
size and the weight of the dolosse. Design dolosse weights at these wave heights were
one on two slopes range from only 3 to 8 tons.

By the way, this discussion was presented in New York in May of 1981, and
there is a preprint in print on it.

The basic idea is that waves exert a relatively moderate force when they're
breaking on an armor unit cross section but that these moderate forces are resisted at
point contacts with other units in the structure, and so the moderate force divided by
a relati,,,ly small unit at one point of contact can result in critical stresses.
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There are two kinds of critical stress: either critical compressive strength
stresses, which would lead to abrasion, or critical tensile stresses, which could lead to
failure in bending.

If we take generalized armor units where the wave impacts on a well draining
breakwater and then perhaps look at just two of those generalized armor units, you can
see what I mean. The breaking wave acts on the individual units over some equivalent
area, say a star, to produce a force over the total unit. That force must be resisted
somewhere within the units at some point contact. The point contact necessarily would
cover a much smaller area, and that area could easily exceed the compressive strength
of the concrete.

For example, if you have such a point contact, with a sphere, you would
necessarily crush at the point. You would necessarily crush the concrete and abrade it
away until the area was large enough to resist the force without the concrete
crushing.

Likewise, if you have a typical dolos on the structure, rather just the
generalized unit, there can exist cases where the wave will impact on the broad side
of one dolos and be resisted at a point contact on the fluke of another dolos. In that
case the critical section becomes some part of the fluke of the resisting dolos and it is
possible to exceed the allowable stresses of the concrete and break it by bending. As
has been brought out, the concrete is very weak in tensile strength. If you work this
through, all of the factors involving that breaking--the moment inertia, the size of the
inside radius of that section, or the size--they all depend, for the typical dolos that
we've been talking about. These dolosse have dimensions which are all proportional to
the length C, from one end of the fluke to the other.

The size of the dolos drops out and you're left with simply a result which
depends only on the compressive strength of the concrete--to be exact, on the square
root of the compressive strength of the concrete.

The point I would like to make today is that this is a testable prediction for
any tests of dolos installation. Also, to the extent that it's born out by facts in the
field, it suggests that really the dolos, as we know it, with the typical weight ratio,
should be limited to use for conditions where the design wave height is below a certain
size. That size would be dependent on the compressive strength of the concrete.
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DISCUSSION OF "BREAKWATERS AND BREAKING WAVES"

DR. CYRIL GALVIN

DR. da SILVA:

I would like to make a comment. Maybe I did not understand very well what you
said. By the fact that the area is small would mean that the compressive stress would
be higher. It should not mean the force would be higher.

Besides, there is another point. When the unit moves with a certin acceleration,
I believe the acceleration is not in general very small, but you can say there are
inertia forces also in calibration with the forces generated at the contact point.

DR. GALVIN:

It seems that it may not be as simple as I have drawn here. If a wave is going
to impact on the broad fluke of the dolos, it must be resisted by force on this surface
here, must be resisted somewhere within the structure, and the only way it's resisted is
on point-to-point contact with other units.

DR. da SIL.VA:

You say it's abrasion or crushing in that area.

DR. GALVIN:

Okay, abrasion is one thing, but the other thing is the bending moment around
this axis here.

DR. LIGTERINGEN:

Yes, that is correct.

DR. GALVIN:

So those are two different factors.

DR. LIGTERINGEN:

Yes.

DR. da SILVA:

Well, maybe I did not understand correctly. It seems that the force itself would
be higher, the force is up higher, in the bending moment but strength is the same no
matter if the area of contact is this big or larger.
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DR. GALVIN:

Yes, I understand. It is a magnification of the force. Because of the large area
here, you are receiving, say, a moderate force from the breaking wave on this large
area so that the moderate pressure from this wave on this large area and so that
concentrates down to--must be resisted at several small points.

MR. LILLEVANG:

There are intermediate losses. That's a massive piece and you don't take that of
course into great account on the fluke and transfer it entirely over to the contact
with the next dolos.

DR. da SILVA:

That was the second part of the first part, the second, because when it moves,
it moves with sudden acceleration that--

DR. GALVIN:

It does not have to move. If it's a rigid structure, it will transmit that force.

DR. LIGTERINGEN.

Yes, it doesn't move. Dr. Galvin is looking upon the situation with no rocking so
the unit which is impacted by the wave is steadily supported by the surrounding units,
and what he is saying is th3t in looking to a direct wave load you should not only take
into account the wave load on A, the shank or on a shaft, but also on the forces which
are transmitted by units to a fluke. I think that is true. When I commented in my
presentation that forces due to impacts of rocking units are larger than forces due to
wave loads, then I must say we have to take into account this loading situation. Still
we come to the conclusion that impacting of units gives higher forces on units,

DR. GALVIN:

If that's the case, then the conditions are even worse than the conclusion that I
reached.

DR. LIGTERINGEN:

Yes. Right.

MR. SCOTT:

When you started out you said that you presented a relationship between the
wave height and the dolos unit, but you must have used some sort of calibration in
there because I think later on you said that the size of the dolos was proportional to
the square of the strength of the concrete. I don't see how you got the calibration
coefficient in there without dealing with the experience. Am I wrong on that?
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DR. GALVIN:

There are two coefficients that enter into the analysis. The first of those
coefficients is your judgment on what fraction of the cross sectional area is the
affected area resisting the wave. We took 0.7. I don't know, it looks reasonable to me.

There is a second factor, and that is the relation between the critical tensile
s4ress of the concrete and the compressive stress. We took a factor of five. Now, we
took that out of design manuals which give it a range between four and seven. We
figured the fact that the concrete sits in salt water and is subject to various forces
that we have been talking about this morning, we maybe take the lower part of that
range, but we took five, and the handbooks give from, I think, four up to seven.

DR. LIGTERINGEN:

Ours is even higher.

MR. SCOTT:

I guess I have two questions. You said initially that this point contact could be
abraded down. Wouldn't that result in failures?

DR. GALVIN:

There are two questions. I perhaps shouldn't have brought up the abrasion part.
he abrasion is independent. I will say on that just if you take a section of a dolos, a
section of a dolos is an octagon. Here. Now, if you abrade off the corners of that
octagon and come up with an inside cylinder, you have automatically weakened the
strength of that dolos by ten percent. That's just because you have changed the
moment of inertia of that section.

MR. MAGOON:

Could I ask one question? On that abrasion that you're talking about, what
effect does that have on the impact that we've been discussing here? In other words,
if it's a dynamic case and these two concrete bodies come together, what does that do
to the actual transmission of the loading or the rate of change through the unit when
the unit actually crushes?

DR. GALVIN:

Well, I think it makes it less instantaneous, I believe, but I don't know.

DR. LIGTERINGEN:

Lengthens the impact time.

DR. GALVIN:

So if you go by the impulse dimensions, you're lengthening Delta T, so you'd be
reducing the force.
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MR. MAGOON:

Any idea how much that might be?

DR. LIGTERINGEN:

A factor of three to five, according to our calculations, which is considerable. I
mean it lengthens the impact time of five milleseconds, which you calculate on the
basis of elastic theory.

DR. GALVIN:

Again, the basic analysis I'm going with is not moving structures. It's fixed
structures.

N ,
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GENERAL REMARKS ON "STRESSES IN DOLOS"

MR. OMAR J. LILLEVANG

Conventional assumptions regarding stress distribution within the dolos are
probably not valid. Traditionally we have visualized the deflections under load, we've
magnified what we visualized in sketches in order to make first cut, determined how
the member might best be shaped, and then tested it mathematically for adequacy to
survive whatever loads we decide are appropriate to apply so it can survive.

I began wrestling with this problem concerning the dolos in 1968 when I saw my
first ones on a trip to South Africa that was made for the purpose of investigating the
shape and use. With its constantly varying modulus along its fluke, going through what
fracture specialists might see as a stress multiplying notch at the crotch between the
fluke and the shank, and then a constant cross section or section modulus until the
process is reversed but in a plain turn 90 degrees, suggests to me there must be some
peculiar distributions of stress within this shape that were three dimensional. I
considered what one might do then in a conventional two dimensional analysis in taking
incremental steps, going away from the central access of the shape, down across the
45 degree inclination at the side with section modulus changing by infinitesimal
increments of distance but in something other than infinitesimal amounts in the
response to the thing to loading. It struck me that trying to design this with any kind
of a forced adaptation to the way we usually do things in two dimensions might be an
idle exercise at best and a dangerous one at worst.

I obtained a mold made out of a castina resin molder or casting rubber and cast
several soft rubber dolosse in the thing and began playing with them. I have one in my
briefcase. I meant to come up and play with it, but that would be like Captain Quigg
with his roller bearings perhaps. The distortions in the thing are dramatically better
illustrated in soft rubber than by sketching. I began to wonder about the location of
these concentrations. We ought to expect them at sharp changes in direction, but
which sharp changes in direction are most alarming and need dealing with? So I went
out in my garage and I mixed up some patching plaster in a thin cream consistency and
brushed it on with a little glue brush. It hardened quickly and I got a brittle coat that
way. Then I flexed it again and, behold, here were the lines of stress at thp surface
developing on the thing. Very crude, very simple, but certainly a good way to wiggle
into a problem of some magnitude.

Convinced now that it was a three dimensional problem, I then undertook to
acquire photoelastic analyses in three dimensions of this strange shape, the dolos, and
went to a firm in Malvern, Pennsylvania, that made a good case for long experience in
doing stress analysis photoelastically in three dimensions by the system that, in their
proprietary terminology, they called "freeze stress" or "stress freeze". They loaded the
model pieces in an oven, brought it up to a temperature that was still within the
elasticity range of the plastic, but not beyond it, sustained the load then while they
cooled it over a period of about two days, brought it down to room temperature. By
this technique they were able to freeze the stresses into the three dimensional shape
and then slice it into thin slices which would be polished and treated as the classic
manner of taking plastic sheeting and cutting out a profile and looking at it
photoelastically.
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Something like 58 different slices were cut from four versions of the dolosse.
The classic shape, as developed by Merrifield with sharp intersection at the crotch
between the fluke and the shank, another with a very slight easing in that crotch with
a fillet that was almost not visible to the eye at the scale of these pieces. They had
an H value, or height value, or a length value, or a C value-I've heard all kinds of
terms used for the overall dimensions of dolosse here in the last day-molded in this
very, very small radius fillet. They tested it that way and found a remarkable easing of
critical stresses at the notch of the corners.

Then we took the chamfer that Orville Magoon sponsored, if he didn't create it,
the one used at Humboldt the first time in the world that I'm aware of, and copied all
over the world ever since. We tried that and found that that chamfer also was
immensely beneficial, much better than this very tiny fillet. We heard critical
comments by the stress analysts saying it still has abrupt changes in direction and
those need to be eased as a matter of good stress distribution. They proposed a larger
radius fillet, and we tested one that had a radius roughly equal to the offset of the
chamfer.

We tested these pieces then first with surface stress techniques that they had
of the full shaped uncut piece and learned which loading seemed to create the highest
concentrations of stress at the surface. This, after all, is where cracks begin, normally,
and we found that two types of loading represented the most severe probable stress
concentration in the shape in any of the four versions. One was what they called a
"tension.. They simply took and loaded a tensile pull on the dolos; another one they put 1

a torque on, so-called "torsion." Out of that we then got traverses of stress, both
surface and at concentrations, and transected through the thing, at depth, indicating a
very surprisingly rapid loss of internal stress as we left the surface. The more severe
the crotch intersection was, the more rapidly that stress reduced as we went in, with
the eased ones, and coming to an integrated hold with a whole load on the thing. Of
course the transect showed a less steep gradient, but internally in the piece, at depths C
at least where reinforcing bars would be put if that--what the concept of
strengthening the piece, the tensile stresses had gotten down to very nominal if not
negligible values.

The results of the tests were prepared for a client, Public Service Electric and
Gas Company of New Jersey, which at that time was planning the Atlantic generating
station, of late fame, and the result was a text report with samples of illustrations
from the test data; the appendix, which was a graphic presentation of all the test
data, 58 1 think it was; and the reports as submitted to me by Photoelastic.

I don't know whether D. D. Davidson or others have copies of these in their
archives. Whether they do or not, if it would be of value to WES to have another set, I
would be glad to leave these with you.

The results were presented in perhaps a more compact form and discussed from
the standpoint of the designer's concerns in a paper presented at the Coastal
Engineering Conference in Honolulu in July, 1976. 1 have a preprint of that (see
Appendix B for paper). It was of course published in the transactions of that
conference, but being expensive and usually only in corporate or large government
agency libraries, I think the paper was not widely read beyond the population of people
who normally get the Coastal Engineering Conference proceedings. This is a preprint of
it, and you may photocopy it for distribution.
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This workshop's purpose is to share views from individual perspectives on
"measurements and analysis of structural response in concrete armor units." The
immediate concerns of the conveners clearly relate to the full-scale instrumentation of
the dolosse at Crescent City. Out of long-time habit, we keep referring to the design
wave. I deeply hope that the investigators will be able to determine the wave
characteristics that relate to each stress record that is acquired, but I'm pessimistic on
several grounds. One, my hopes for survival of the data cable are high, but my
expectations are low. No matter how ingenious we devise a system for the cables, they
have a reputation for short longevity, and, Murphy's Law being what it is, they usually
fail just when we need them. Secondly, the terrain of the sea floor, over which
stress-inducing waves will approach and be altered by the sea floor before they wash

* over the test dolosse, is contorted. It has abrupt rises, sharp pinnacles, submerged
escarpments, and the locations and shapes of them are imperfectly known. For every

* wave period and every azimuth, and varying momentarily as tide stages change, there'll
be different wave conditions each fifty feet or more, or even less, along the
breakwater's crest. Draw-down of receding waves, aggravated by reflection, will be
varying by station to station, along the structure and they may be a critical factor in
the stability of the armor. Present plans for wave recording will leave more

* disappointments than successes when the real nature of wave loads is sought from the
record.

I told you I was hopeful but pessimistic, so don't take this as condemnation. I
don't mean it as that. It's a challenge to extend every effort, and by effort I also
mean expense-you can't get anything for nothing--in order to improve the odds of
getting something that is meaningful rather than elegant.

The late Eric Merrifield (phonetic) once stated, and with his always benevolent
exasperation, "I didn't conceive the dolos to be placed in a breakwater to rock."
Perhaps that has been lost from our understanding. I'm still of the view that more
effort is needed for understanding how to use the dolos and veer away from treating it
as a peculiarly formed rock and trying to force it to act like a rock.

Also, we need a clearer insight as to when a broken armor piece should induce
fright. Quarry stones break, and rarely does anyone panic over it. Again, there could
be situations where a single broken dolos element or any armor element--whether
stone, tribar, tetrapod--breaking could bring the thing down like a house of cards. We
need to know when one situation or the other is present in our design and probably is
project specific. Perhaps we've leapfrogged across the fundamental issue by looking for
a stronger dolos instead of learning more about its significance as a particle in a large
mesh.

I think we should design better and survive positively. For the designer's and
modeler's use, we have a very real need to have a scale-down material for dolosse in
testing. At least it needs to satisfy as closely as can be done in compromise with all
such issues, end up being compromised in their answers. Compressive strength, that's
obvious. Very closely related, I believe, is tensile strength. Elasticity, certainly, if it's
a flexing structure we've got to know about that, and I'm a little bit dubious about
this as a flexing structure. I think it's a shear fracture structure. All of you come back
and say, all right, take components of stress that are in there so you can treat it as in
flexure. All right, but I'm not sufficiently versed in mechanics of fracture to argue
that point.
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We need to have the hardness model, I think, very clearly. Who has gone on a
project and not seen gouge marks and spalls where one piece has settled in against the
other? It has restraining effect. It may not represent a great force, but if it's a
passive resistance it has tremendous influence on the stability of the nestled-in and
stabilized structure. So hardness of the surface, I think, has to be very important.

The density, obviously, but that could be controlled by weighting additives. I
offer barium sulfate as one of the best.

There has to be an expense relationship, obviously. We heard yesterday a lot
about how much something costs. An old boss of mine, and mentor, Raymond Hill,
honorary member of the American Society of Civil Engineers, was once introduced by a
friend who was needling him in the presence of a lieutenant general with whom he had
just shaken hands, saying, "This is Raymond Hill, the highest priced engineer on the
West Coast." The general looked quizzical: he knew something was going on between
them. Mr. Hill spun his cocktail glass for a moment, and he said, "I don't know,
General--glad to meet you--high priced, maybe; high cost, no." This is very important.

We tend to minimize the importance in value of what we do in the design phase.
That is where the money needs to be spent in order that there be good, maintainable,
dependable structures. Don't apologize for it. It's time to stiffen your back, face the
guy down, and leave the project if he won't listen to you. Because if he won't listen to
you then, he won't listen to you later, and you'll do nothing but get yourself in a
jackpot. The time to spend money is during investigation. It's well-spent money. It may
be expensive, but it is not costly.

Now, how about dynamic response of full-scale dolosse? A very simple test that
has intrigued me for a long time would be to go down to the harbor where there's a
high-lift crane available, suspend a dolos in whatever attitude you choose, and with
extreme high speed film photography, stereo if you can, let it fall into a cushion of
water deep enough that it won't fracture when it hits the bottom. The idea would be
to instrument the thing for stresses, and keep increasing the falls until it finally
breaks, if it does.

It's easy to calculate the velocity at which this interacts with the water. If you
can't move the water, move the piece. I think that this is a test that could reveal
some stuff with stresses inside of this thing, showing how it reacts to the dynamic
force of moving water.

I leave the challenge of finding a better material, and I think this is something
that deserves all the pressure that this group, and others, can apply to finding the
money to solve an extremely important question. The answer may be it doesn't matter
and the answer may be it matters a lot, but right now we're speculating, largely. Let's
find out how to design these structures so the strength of the dolos is not that
important as long as it's well made. Otherwise, what we're sitting here doing is trying
to find a new shape, not the dolos.

170



DISCUSSION OF "STRESSES IN DOLOS"

MR. OMAR J. LILLEVANG

MR. MAGOON:

I would like to make a comment that whatever prototype location is selected,
that you give careful consideration to the type of surveys Mr. Lillevang had directed
of the bathymetry offshore of the Diablo Canyon. I think Mr. Lillevang has brought
those. I believe that's probably the most elegant sounding and comprehensive sounding
that I've seen at a location. I think that this would be very important regardless of
what is done, but certainly later on when you model, you'll want to know what the
bathymetry is. I would ask perhaps if Mr. Lillevang could very briefly discuss the
surveys and whether they are available to this group.

MR. LILLEVANG:

I've brought along as a matter of busman's holiday interest, for those who would
like to see it, a couple of video tapes of the model study we conducted using that

*d bathymetry.

'1
A
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BEHAVIOUR OF DOLOS STRUCTURES
PARTICULARLY IN REGARD TO UNIT STRENGTH

by

J.A. Zwamborn*

1. BACKGROUND

It has been generally accepted that dolosse have a high

Hydraulic Stability which, together with the fact that

they can and should be placed at random, have made dolosse
very attractive for breakwater armouring, particularly in

areas with sustained wave action.

Provided dolosse can withstand the static and direct wave

loading and movements (rocking) are too small to cause

significant impact loading, results of hydraulic stability

model tests can be used directly to determine the required

armour unit mass. Figure I shows the expected percentages

displaced and rocking units as function of wave height

based on tests with monochromatic waves. Variations in

individual test results and the effect of irregular waves

also play an important role and the results in Figure 1

can therefore only be used for a first design.

It is now wellknown, however, that significant movements

and/or severe rocking of dolosse can take place under

'accepted' design conditions, that is for stability factors

D between 20 and 30. This is clear from Figure 1

which shows that, although percentages of displaced

dolosse are less than I to 2 for KD values of 20 to 30, anD
additional 2 to 4,5 per cent of the units were rocking or

showed small movements. These movements could result in

*Head, Maritime Structures Division, National Research

Institute for Oceanology, S A Council for Scientific and

Industrial Research.
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abrasion , crushing, spalding end eventually breakage of

units. The question is, does this happen and, if so, how

does this affect the stability of the armouring?

To find the answer to these questions, attempts have been

made to correctly scale the structural behaviour of model

doiose but full similitude cannot be achieved and model

tests with breakable armour units are very difficult to

perform (Timco and Mansard, 1982). Tests wit'. pre-broken

armour units indicate that 15 per cent breakage in the

top, bottom or total armour layer, and clusters of 5

broken units do not significantly affect the armour stabi-

lity (Markle and Davidson, 1983). This would mean that a

design based on a total damage (displacement plus rocking-

see Figure 1) of, say, 5 per cent should be safe but this

test technique also has serious limitations, mainly because

of the artificial introduction of broken units and the fact

that the growth of local damage areas cannot be correctly

reproduced.

Another approach would be ti determine the extent of the
movements (rockitg), the ipact forces involved and the

resulting stresses in the folosse and to relate these to

the ability of the units to withstand these, also under

repeated impact loadings.

Measuring techniques have been developed to measure acc2le-

rations (Groeneveld, Mol and Zwetsloot, 1983) and stresses

in individual model armour units (Hall, Baird and Turcke,

1984) out a large number of units would have to be instru-

mented for Pch test condition to get statistically reli-

able results. The same applies to similar measurements

in the prototype which will have the added disadvantage of

considerable practical and logistic problems.

Considerable progress has een made in Qermining the

resistance of dolosse of c. ferent size, aist
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ratio, concrete strength and with various types of rein-

forcement, to static and impact loading (LNEC, 1979;

Burcharth, 1981 and 1984; Grimaldi and Fontana, 1984;

Zwamborn, 1979). To apply the results of these studies

effectively, however, details of the in situ loading

conditions under near design wave conditions must be

known.

In South Africa, model research on dolosse has been concen-

trated on the determination of damage, expressed as percen-

tages displaced, continuously, intermittent and occasional

rocking units, as functions of wave height, dolos packing

density, dolos specific density and dolos waist-to-height

ratio (Scholtz, Zwamborn and Van Niekerk, 1982; Zwamborn

and Van Niekerk, 1962). For design, low percentages

damage are used (typically 2 to 3 per cent displacement

plus rocking) and several repeat tests, where possible, on

the entire structure (three-dimensional tests) are made

for the final design, including realistic design conditions

(wave heights, periods and direction). These design

criteria are then checked against measurements of overall

prototype behaviour of completed dolos structures.

2. BEHAVIOUR OF SELECTED DOLOS STRUCTURES IN SOUTH AFRICA

SINCE 1979

Hundreds of thousands of dolosse have been used all over

the world with a large proportion (estimated in 1960 to be

about 50 per cent) having been used in South Africa.

Details of the behaviour of ten South African dolos struc-

tures were given previously in a report entitled "Survey

of Dolos Structures" (Zwamborn and Van Niekerk, 1981).

This report included data until 1979/80; further data,

for selected projects, covering the period 1979 to 1982,

are included below.
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Richards Bay Main Breakwater

The Richards Bay main breakwater is protected with 5t, 20t
and 30t dolesse placed to slopes cf 1 in 1,5 and 1Iin 2

(Campbell and Zwamborn,. 1977). This breakwater was

completed in February 1976 and has been monitored at

regular intervals since 1978. The monitoring was concen-

trated on the above-water part of the dolos armour, namely

the 20 t dolosse on the trunk and the 30 t dolosse on the head

of the breakwater. Techniques used were vertical and

horizontal photography, visual observations and profiling

with a spherical cage, made of reinforcing steel, with a

diameter of 2,5 m (0,6h, where h is the oclos height- see

Figure 2 ) Unfortunately, it was not possible to carry

out underwater (diver) surveys because of strong wave

action, bad visibility and the large number of sharks in

the area.

The following survey and storm data were available for

analysis:

Breakwater Monitoring Storm Data

Date Type of Survey Date H Tc ir- H Tides-r ci _bH
(m) () ecton (m+CD

25-6-78 Vertical photography 3-9-78 4,8 11 224 5,3 10 1,6
(small scale)

28-G-79 Vertical photography 24-7-79 4,6 8 185 4, 8 1,8
(large scale)

3-8-79 Visual damage SATS

28-11-79 Visual and photo-
graphic (CSIR) 17-4-80 4,8 8 200 5,3 10 1,5

May '80 Profiles (1,2m bell)

4-7-80 Vertical photography
(small scale)

Dec '80 Profiles (1,2m bell)

18-6-81 Vertical photography

(large scale)
July '61 Profiles (2,5m ball) 17-8-El ,5 13 168 4,5 9 0,1

25-9-81 Horizontal photo-
graphv

5-12-81 Vertical photography
(large scale)

5-6-82 Vertical photography
__ (large scale)

•Chart Datum
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Only storms with significant wave heights exceeding 4 m

have been included in the table. The H values ares-r
wave heights recorded by waverider anchored in the 20 m

water depth, about 1,5 km seaward of the south breakwater

head. Wave periods and directions were recorded by

wave clinumeter. H eb values are the wave heights

directly in front of the breakwater head, determined

from actual measurements made in the original physical

model during three-dimensional breakwater stability

tests (Campbell end Zwamborn, 1977). Since the wave

height measurements apply to a 6-hour period, Hmax - 1,9

HS- b (Longuet-Higgins, 1952). Most of the storms occur-

red at high tide. The depth at the breakwater head

decreased from the original -17 to -12 m CD, because of

siltation, but the bottom falls quite steeply at 1 in 25

to - 20 m C.D. about 300 m from the breakwater head.

This means that at high tide (+ 1,8 m CD), the maximum

breaker height can be about 0,9 x 13,8 m 12,4 m (Jackson,

1968).

Generally, the main breakwater was found to be in 5 good

condition after more than 6 years of service although

some maintenance will be done during 1985, mainly on the

breakwnter trunk on the seaward side.

Detailed analyses of a section of the breakwater head on

which were placed 1045 30 t colosse with a waist-to-height

ratio of 0,36 were possible with the use of large-scale

vertical photographs. Examples of these photographs are

shown in Figures 3 and 4. The results of these analyses

dn the 'head section' are as follows:

(I) Comparison of Vertical Photographs 28-6-79 and 18-6-81

These photographs were taken with an aerial photography

camera (0,23 m square negative) from a height of 300 m

covering a period of two years (the photographs taken on

4-7-80 were at too small a scale for detailed damage
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analysis). The most exposed part of the head (seaward N,

of the line shown on the photographs) was analysed in

detail for any changes over the two-year period by using

large-scale (1 in 200) transparent overlays on which

every dolos was identified and marked. The result of

this analysis which, of course, covers only the above-

water parts of the breakwater showed the following:

30 t dolosse - 3 units appeared to have disappeared

4 units had broken

4 units had moved (changed position)

wjinrut breaking

Thus, 7 units of a total rf 1045 placed on this part of

the head were 'lost' (about half of this number were

above low water when the aerial photographs were taken).

During this period two storms occurred in which the

significant heights of the waves were 4,3 and 5,3 m and

maximum heights up to 8 and 10 m, respectively.

(ii) Comparison of Vertical Photographs 18-6-81 and 5-12-81

The period covered by these photographs is six months.

A comparison identical to that described above for the two-

year period was made and the results showed the following:

30 t dolosse - 1 unit broken

1 unit moved, without breaking.

The remainder of the visible units were in exactly the

same positions (of the total of 1045 units on the analysed

part, about half were above water).

During this period one storm occurred with a significant

wave height of 4,5 m at the breakwater or an expected

maximum wave height of about 9 m. C

(iii)Comparison of Vertical Photographs 5-12-81 and 5-6-82

These photographs, also covering a six-month period,

were again analysed in the standard way and the result

showed no change, except for one piece of dolas which
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appeared on the June 182 photograph, just above the

water line, where it was not visible on the December '81

photograph. Significant wave heights did not exceed 4

m during this period, but several periods with waves

just below 4 m significant or about 8 m maximum did

occur.

In conclusion, the main breakwater and particularly the

head, was generally in a good condition although some

repair was necessary along a 50 m section of the trunk

(20 t dolosse). In-service damage/breakages amounted

to eight 30 t units on the exposed head section over a

oeriod of three years, Curing which period three storms

occurred, with maximum heights of waves of up to 10 m at

the breakwater head. This damage to the above low-water

section of the head (1045 30 t units in total, about 500

above low water) amounts to I to 2 per cent. However,

underwater profiles showed no serious deterioration below

the water surface.

It should be mentioned that a more reliable evaluation

would have been possible if proper as-built profiles and

vertical photographs made immediately after construction

had been available. This should be included in any

future breakwater contract!

Gansbaai Harbour

The Gansbaai harbour breakwater, described in Zwamborn

and Van Niekerk (1981), was repaired between "%979 and

early 1982 with 505 20 t and 1630 25 t dolosse, as shown

in Figure 5. The performance of these dolosse wa5

closely monitored by regular visual observations, includ-

Ing underwater diver surveys, during construction and

after the occurrence of large waves.

The following data were made available for analysis by

the Fisheries Development Corporation:
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Breakwater Monitoring Storm Data

Date )olos breakages Date Hs r Tp 5sb(m) H ax Tide

20 t 25 t (m) (s) WSW 11ON of W (m) (m+CD)

2-10-80 3,4 - 1,7 6,0 8,5 1,1

3-10-80 3,4 - 1,7 G,0 8,5 0,9

12-7-81 5,4 14 4,6 6,9 8 0,6

13-7-81 5,5 16 4,7 7,0 8,5 1,4
13-7-81 3 13 7-8-81 5,5 - 4,7 7,0 8 0,6

18-9-81 4,5 - 3,1 6,8 8,5 1.2
19-9-81 3,8 14 2,1 6,4 8,5 1,2

i*-10-81 1 14*

Total,
during 10 27~constr-
wction

12-7-82 3,. 12 1,7 6,0 8 0,6
17-7-82 3,7 18 ?,3 6,4 8,5 1,2
29-7-82 4,2 14 2,G 6,7 8,5 0,9

July '82 1 2

Total,
after
comple- !11 29

tion

Only the peaks of the storms are given; the storms lasted

from one to three days so that high waves occurred for

considerable periods. The H values are significant
s-r

wave heights recorded by waverider situated 1 200 m west

of the breakwater, seaward of a 12 m deep shoal area, in

water 26 m deep.

The peak periods, T were also detarmined from the
py

waverider data. The shoal area caused considerable

refraction of the dominant westerly waves resulting in

reductions in wave height for WSW'Iy waves and, generally,

increases in wave height for 110 N of Id'ilv waves.

Unfortunately, the wave directions were not recorded
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during the above storms and two wave heights at the

breakwater (H ) are therefore given in the table.
s-b

The conversion from H to Hb is based on actual wave~~s-r s-

heights measured in a I in 80 scale Gansbaai model.

Not knowing the wave direction makes it difficult to

decide what the maximum wave heights at the breakwater

were during the above storms. Considering the duration

of the storms, H 2H (Longuet-Higgins, 1952) which
max- s

would give H values of at least 3,4 to 9,4 m for WSWmax
and 12 to 14 m for 11*N of W waves. However, the water

depth along the 25 t dolos section is only 9 to 11 m at

low water or 11 to 13 m at high water while the bottom

is almost level in the direction of the incoming waves.

Theoretically, the limiting breaker height would there-

fore be about 0,6 x 13 = 8 m (Jackson, 1968). As

the model tests also showed maximum recorded waves near

the breakwater of 8 to 9 m, it may be accepted that

during all the above storms the breakwater was attacked

by waves up to 8,5 m high (Hx), except during themax
lower tides when Hmax - 8 m.

From the above data it is seen that damage (dolos break-

ages) during the reconstruction period (1979 to 1982)

amounted to:

20 t dolosse 10 breakages or 2%

25 t dolosse 27 breakages or 1,7%

After its completion, the breakwater armour withstood

three further storms with only

20 t dolosse 1 breakage or 0,2%

25 t dolosse 2 breakages or 0,1%

Considering that these figures include both the above-

and below-water parts of the breakwater, that working

conditions at Gansbaai were difficult due to regular

long swells and that larve waves (8 to 8.5 m) occurred

quite regularly at the breakwater (10 times in about 2

years) it can be concluded that both the 20 t and the

25 t units performed very well, with only minor breakages,

with waves up to 8,5 m.
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Koeberg cooling-water intake basin

The breakwaters forming the Koeberg intake basin are

protected with - t, 15 t and 20 t dolosse placed at a

slope of 1 in 1,5 (ZUwamborn and Van Niekerk, 1981).

Some 2 295 20 t dolosse were used to armour the main

breakwater from chainage 750 to 912 m, which includes the

head. The entire main breakwater has depth-limiting

design conditions; the depth at its head is -8 m CD and

waves with H 5t3,2 m were assumed to start breaking on the

head (H = 6,4 m). This means that the design waves
max

(6,4 m breaking waves) occur, on average 15 days per

year, which was taken into account in deciding on accep-

table damage criteria.

The breakwaters were completed in April 1980. A photog-

raphic base-line survey of the armouring was made on 28

October, 1980 (from the air) and on 6th November, 1980

(from a boat) while an above- and under-water survey of

the total number of broken dolosse (including construction

damage) was made on 20th October, 1981.

The available damage survey and storm data were summarized

as follows:
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Sreakwater Monitorin6 Storm Data eV

Date Type of S.irvey Dame~e Date Ha-r T Tp Hmax Tide __

(20t) (a)I (a) W= (m+cD)

28-10-80 Vertical photograpby - -,- -,

6-11-80 Horizontal ph otography 0(base lne) 12-11-80 ,3 18,3 67 1,6

19-11-80 3,7 13#5 6,3 1

8- 1-l 3,4 - 6.3 1

21- 1-61 3,2 - 6,1 1

24- 1-81 3,2 - 6,1 1

30- 1-P1 3,8 13,5 6,3 1

7- 2-81 Horizontal photography 4
'o (se+ ld)12- 4-21 4,4 13,5 6,3. !0 P.

7- 5-81 Horizontal photography No change 26- 5-81 4,4 , 6,2 0

6- 6-81 3,8 13.5 6.3 1

21- 6-6l 3,7 13,5 6,3 1

28- 6-81 3,4 13,5 6,3 1

13- 7-81 5.5 15,5 6,3 1,0
19- 7-81 5,2 11,9 6,7 1,5

22- 7-81 4,2 11,9 6,3 1

24- 7-!1 3,9 15,5 6,3 1

29- 7-81 4,0 15,5 6,3 1 -

4- 8-81 4,8 13,5 6,3 1
7- 8-81 4,6 13,5 6,3 1"

11- 8-81 5,0 13,5 6,3 1

Storms several days %

18- 8-81 Horizontal photography No change 27- 8-e1 3,4 13,5 6,3 1

15- 9-81 4,7 11.9 6,3 1
16- 9-81 4,7 13.5 6,9 1.8

17- q-81 5,1 13,5 6,7 1.5

20-10-,1 Diver sarvey 31~~~broken 
"-'

boe 29-10--A1 3.3 13,5 6,3 1

-LI Horizontel photography I______.
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Only the storms during which significant wave heights

exceeded 3 m are included in the above table. H and

T values were obtained from wave-rider records. Thep
waverider was anchored in 23 m deep water 3 km offshore.

No wave direction data were available but previous

records showed that 90 per cent of the waves at Koeberg

are SW to WSW'ly. Moreover, for these directions the

refraction coefficients are close to one (these direc-

tions are nearly perpendicular to the coast) and the

recorded HS- r values were also assumed to apply just

seaward of the breakwaters.

The water depth at the south breakwater head was -8 m CD

and the bottom slope about 1 in 100. Thus, the

limiting breaker heights are about 0,7 x 8 = 5,6 m at

...low water and 0,7 x 10 = 7 m at high water (Jackson,

4'1968). In the above table, Hma x values are limiting

breaker heights, except where Has r = 3,2 m, when Hmx =1,9

x 3,2 = 6,1 m(non-breaking; Longuet-Higgns, 1952).

Unfortunately, here again no survey was done immediately

after completion of the breakwater. By the time the

first photographic surveys were done in October/November

1980, some 10 storms in excess of 3 m (significant heights)

had occurred (6 month period).

The diver survey was done in October 1981. It

showed 31 broken dolosse (1,4%), of which 18 were under

and 13 above low water level. However, the site engineers

consider that most of these breakages had occurred during

construction.

The five horizontal photography surveys show very little

damage above low water level over a one-year period

during which breaking waves of 6 to 7 m height occurred

on 24 occasions. All that happened was that 2 sets of

2 dolosse settled 0,1 and 1,3 m, respectively, and this

without breakage (the latter case is shown in Figure 6).
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It was therefore concluded that the 20 t dolosse on the Moeberg

breakwater head can withstand frequently occurring 6 to

7 m breaking waves without breakage.

Concluding Remarks

Prototype measurements of dolos behaviour have provided

evidence that 30 t dolosse with a waist ratio of 0,36
placed on the Richards Say breakwater head, can withstand

10 m waves with little movement and I to 2 per cent

breakage. Applying Figure 1, the expected total damage

would be 3 per cent displacement plus all types of rocking,

or below 2 per cent, when excluding occasional rocking

(heavy line in Figure 1).

The newly placed 20 and 25 t dolosse at Gansbaai (waist

ratios 0,34 and 0,35 respectively) have withstood

three storms with waves reaching 8,5 m with only 0,2 and

0,1 per cent breakages respectively (including the

under-water part). For this wave height, Figure 1

indicates 2,5 and 2 per cent 'total damage', or 1,5 and 1

per cent excluding occasional rocking, for the 20 and

25 t units respectively. The 20 t dolosse at Koeberg

(waist ratio 0,34) showed no damage over a period of one

year when 6 to 7 m breaking waves attacked the breakwater

on 24 occasions. For these wave heights, Figure 1

would indicate 1 per cent 'total damage' or 0,5 per

cent excluding occasional rocking.

These observations provide evidence that well-designed dolds

structures can withstand severe and sustained wave action

with nominal damage, particularly as in the cases of

Ganobaai and Koeberg the (depth limiting) design wave

conditions occurred during the observation periods.

Further evidence has been provided by the occurrence of

the approximately one-in-l00 year storm in May 1984

which struck the Cape Town area. This storm reached a

maximum Hz 10,8 m with T = 15,5 s (recorded in 200 ms p
water depth). Detailed damage analyses are still under
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way but preliminary information showed 6 20 t and 11 25

t broken dolosse at Gansbaai (1,2 and 0,7 per cent) and

13 20 t broken units at Koeberg (0,6 per cent) as a result

of the storm. The water level recorded inside the

$oeberg basin during the storm was 0,8 m above normal

(about + 2,6 m CD) resulting in breaking waves probably

exceeding 8 m.

During the same storm, severe damage was caused to seve-

ral coastal structures in the Cape Town area, notably

the Table Bay main breakwater which lost 172 concrete

blocks of 30 to 40 t and 600 9 t dolosse which were used

as (temporary) protection (Figure 7).

3. EXPERIENCE WITH DOLOSSE IN OTHER PARTS OF THE

WORLD- S-INCE--1979

Details of the behaviour of some 25 dolos structureS spread

around the world, including data until 1979/80, are

given in the report "Survey of dolos structures" (Zwamborn

and Van Niekerk, 1981). Some additional data on selected

projects are included below.

San Ciprian Harbour

Nominal 50 t dolosse were used as armour on the San

Ciprian breakwaters in Northern Spain. The main or

north breakwater is 945 m long ending in 20 m water

depth and the south breakwater is 1 012 m long ending in

water 21 m deep. The dolas slope varies from I in 1,25

to 1 in 2 and the spring tidal variation is 4,6 m.

Certain deficiencies, particularly in the quality of the

concrete and in the execution of the works, had been noted

during a visit in 1979, and soon afterwards serious damage

occurred to the breakwaters. As a result, in July 1980

the owners of the port commissioned a review of the

design, model studies, construction methods and the

quality of the works as well as an evaluation of the damage

in view of possible remedial works.
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From this comprehensive study (Losada, et al, 1980) it

is concluded that the damage to the San -Ciprian dolos

armour may be attributed mainly to wave concentration

due to refraction, hydraulic instability of the armour

(for wave heights exceeding 9 to 12 m and wave periods

xceeding 12 to 17 s) and breakage of the 50 t dolosse

due to excessive movements, deficiencies in the quality of

the armour units and the relatively small waist ratio (only

0,348 for these 50 t units). Significant waves up to 6 m

(Hma x 2 1,9 x 6 = 11,4 m) were reported to have occurred
on several occasions since construction while refraction

studies indicate that 6 m waves of 15 s period could build

up to about 10 m (Hma 19 m) at the north breakwater.

Since the water depth limits the breaker height to about

16 m (Losada et al, 1980) it is very likely that waves

from 12 m, up to breaking waves of 16 m, have occurred

already. It is therefore not surprising that, on ave-

rage, some 10 per cent of 50 t dolosse were broken and

in specific areas up to 100 per cent of the units failed.

Dol-is Experience in Japan

Up to 50 t dolosse have been used over the past few

years in Japan, in most cases with conventional reinfor-

cing- ametoku, 35 kg/mand Naha Port, 92 kg/m3 steel

(Zwamborn and van Niekerk, 1981 and Sakou et al, 1981).

So far damage has been reported on only one project, p

Yoron Port on Yoron Island, where 223 50 t dolosse, L

reinforced with 35 kg/m steel, were placed temporarily

to protect a vertical-face pier. The dolosse were

placed directly on the rockv bottom at about -10 m.

Considerable damage occurred to the 50 t dolos mound and

to the adjoining pier structure as a result of three

typhoons with waves of estimated height 8,4 m. The

armour damage consisted of:

a) broken dolosse 7 b) exposed reinforcing 15

cracked dolosse 4 extreme abrasion 26

11 (5%) 41 (18%)
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Damage (b) indicates excessive motion of the dolosse,

alternatively poor concrete (the design strength is

given as only 16 to 18 MPa and the 35 kg/m steel is a

very light reinforcing, 0,5% by volmme).

Nippon Tetrapod Co. Ltd.,subsequently carried out tests

with dolosse up to 4 t, steel reinforcing varying from 0

to 151 kg/m and concrete strengths from 20 to 40 MPa to

determine their influence on the static and dynamic

behaviour of these units (Terao, et al, 1982). The

tests showed that with a 100 per cent increase in conc-

rete strength the first cracks appeared only after an

increase of 30 per cent in static load and about 100 per

cent in drop height (dynamic test). The first cracks

appeared under the same load conditions for unreinforced

and reinforced units but while the unreinforced units

broke after an increase in load of only 20 per cent

above the first-crack load, this value was about 100 per

cent for the reinforced dolosse.

Gioia Tauro west breakwater

The west breakwater of the new port at Gioia Tauro,

Italy (Grimaldi and Fontana, 1984), was protected with

15 t dolosse to a slope of 1 in 2. The water depth at

the toe of the structure was -8 m but the forEshore

drops down steeply, at about I in 4, to 50/60 m depth

only 200 m offshore which means that there are no

depth-limiting conditions. In Fact, the particular shape

of the foreshore results in plunging breakers directly

onto the armour slope.

The dolos armour was damaged during storms which occurred

on 31st December 1979 and on 1st January 1980. The

waves were recorded by waverider, anchored in 70 ni water

depth. The maximum recorded H was 7,4 m with a corres-s
ponding Hm 11,6m and T= 12,8 s so that the armour mustpondn9 ma x .1,madT

have been attacked by breaking waves with a height of up

to 12 m. According to Figure 1, the 'total damage'

would be > 15 per cent for this wave height or about 14

per cent excluding occasional rocking units.
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Prototype observations indicate breakages of 42 per cent

of the dolosse below and 33 per cent of those above water over a

200 m long section of the west breakwater although the

armour profile did not change too much. Although this

is more than predicted by Figure 1, special model tests

of the actual structure carried out in the Delft labora-

tory showed comparable damage to the prototype when

equating the rocking model units with the broken proto-

type ones (Den 8oer, 1982).

Survey of existing Corps structures

A detailed review of seven US Corps of EngineersI doles

projects is included in a report by Markle and Davidson

(1984). Unreinforced arid reinforced dolosse from 2 to

43 t were used in these projects and recorded breakages

varied from 0 to 1,9 per cent, except for Crescent City

where 9 per cent breakage was recorded. However, this

included broken units left after construction.

Most of these structures have experienced design wave

conditions but it must be mentioned that all, except the

Cleveland case, had depth-limiting design waves.

Concluding remarks

Problems with a number of dolos structures have been

experienced subsequent to the major failure at Sines in

1978/199? (Zwamborn, 1979). The damage described

above (San Ciprian, Yoron Port and Glola Tauro) can,

however, be explained adequately , and in the author's

opinion, could be expected considering the particular

local conditions. This damage does, however, emphasize

the conclusions reached on the basis of the previous

doles survey (Zwamborn and Van Niekerk, 1981), that is,

(i) special attention must be given to the design

conditions of deep water structures,

(ii) a simple formula cannot describe the stability of

dolos armour, and
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(iii) most structures have been built without proper

model tests, which should include representative irregu-

lar waves and three-dimensional effects.

The survey of the Corps Structures (Markle and Davidson,

1984) largely confirm the conclusions reached on the

basis of the South African dolos structures, namely that

large dolosse can withstand up to 10 or 12 m high breaking

waves without breakage. In the case of Corps structures,

the larger dolosse were mostly rrinfcrced with a light

conventional steel reinforcement, the long-term advantage

of which would need further investigation.

4. DOLOS ARMOUR DESIGN CONSIDERATIONS

For the design of a dolos structure the main requirement

is to ensure adequate armour stability with an acceptable

percentage of armour unit deterioration (e.g. breakage)

under realistic and representative design conditions

which must include the cumulative effects of expected

wave action for the design life of the structure.

Different approaches to achieve this are discussed

below.

'No movement' design

Recent static loading tests on 15 t and 30 t unreinforced

dolosse have shown that these dolosse can carry 4 to 6

times their own weight under the worst possible loading

condition (Figure 8) without breakage (Grimaldi and

Fontana, 1984). Thus, considering a more realistic

loading condition applicable to the actual breakwater

situation (top dolos supported by at least two bottom

units), up to about 8 layers of dolosse could be used

without danger of failure of the lower layers due to the

dead weight of the armouring.

As no particular problems have been encountered hand-

ling unreinforced dolosse up to 50 t in the casting and
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placing process (breakages did not exceed 1 to 2 per cent)

and because the direct wave forces are of the same order

ur less than the dead weight forces, a dolos armour

consisting of several layers could be designed safely on

the basis of hydraulic model test results, if these

show that there is no significant movement (rocking).

In determining the 'no movement' criterion detailed tests

would have to be done, taking into account:

i) realistic and representative design conditions,

particularly for waves (wave spectrum/groupiness),

(ii) possible variation (reliability) of design condi-

tions,

(iii) storm duration and cumulative effects,

(iv) near-shore effects.,

(v) variation in test results,

(vi) the extent of the structure, and

(vii) three-dimensional effects.

Because the 'no movement' criterion basically means that

the design must be based on Hmax' the result could become

rather uneconomical. For instance, using Figure 1, a H o

factor of lss than 5 is indicated. A similar result is

found assuming Hma x 0 1,6 H , namely a KD of 20 used for

a design based on H would become 5 when based on Hma x '

Because this would be of the same order as that for

cubes, a 'no movement' design approach for dolosse does

not have particular advantages.

'No breakage' design

The other extreme Would be to ensure that the dolosse are

unbreakable under prototype loading conditions. In this
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case the design can be based on converitional hydraulic

model tests which have to prove that armour displacement

will be within acceptable limits, for instance, Figure 1

indicates MD factors between 20 and 30 for 1 to 2 per

cent displacement. Detailed tests, as described above,

will be necessary to ensure a safe design. The results

of these tests could also be used to optimise the design,

that is to minimise the total cost (capital investment

plus maintenance cost).

This approach is the easiest with regard to model testing

but there are two major problems, namely, to determine

the prototype loading conditions and to make the dolosse

unbreakable for these conditions witnout losing the cost

advantage of the units' high stability.

Extensive tests have been done with different types of

reinforced dolosse (Burcharth, 1981 and Grimaldi and

Fontana, 1984). The test results showed limited Imp-

rovement in impact strength with from 30 kg/m' up to 120

kg/m (0,4 to 1,6 per cent by volume) steel fibres,

that is,an increase it' drop heights from about 20 to 150

per cent at 'failure' (major damage and/or breakage).

Conventional steel reinforcement of 77 to 138 kg/m' (1 tc

1,8 per cent by volume), however, was found to make the

dolosse virtually unbreakable. Although first crack

formation occurred at drop heights only about 50 per cent

higher than for unreinforced units, serious damage (major

cracking and spalding which exposed the main reinforcing

bars) occurred for drop heights 4 to 8 times those of the

unreinforced units (0,8 to 1,6 m for 30 t dolosse at

Gioia Tauro). Moreover, tests at Giola Tauro, where a

30 t dolos with a waist ratio of 0,37 and reinforced with

conventional steel reinforcement (77 kg/m or 1 per cent

by volume) was dropped on the breakwater core and showed
no serious cracks up to a drop height of 10 m. Although

the in situ loading is not known, one would intuitively

consider that this dolos would be strong enough (mechanically)
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to withstand the in situ forces caused by movements/rock-

ing.

Drawbacks of conventionally reinforced dolosse are addi-

tional cost (50 to 100 per cent more expensive which

could make dolosse unattractive in many applications) and

the possibility of corrosion causing serious deterioration

of the units with time.

As the Corps of Engineers has built several structures

with reinforced dolosse (for example, at Humboldt, using

45 kg/m or 0,6 per cent conventional reinforcing), close

observation of any deterioration due to corrosion would

be of great value for future use of steel reinforcement.

'Optimum' design

It seems obvious that there should be an 'optimum' design

between the two extremes discussed above whereby a certain

amount of movement/rocking is acceptedwhile, at the same

time, the dolosse are made strong enough to withstand
these limited movements without increasing the cost of

the units too much.

As early as 1972 it was suggested that the waist-to-

height ratio (r) of larger dolosse be increased according

to:

r = 0, 34W
20

where W is the mass of the dolos in tons, to compensate

for the higher stresses occurring in larger dolosse

(Zwamborn and Beute, 1972). A simple analysis showed

that, when using this formula, dolos stresses would remain

about the same with increased dolos mass (Zwamborn, et

al, 1980). The more rigid structural analysis by Burcharth

(1981) supports this finding, as may be seen from Figure

9, which shows that the increased "r" (below water case)

falls between 8urcharth's drop and pendulum formulas.

The beneficial effect on the structural strength of the

192

' , i i



dolos was confirmed by prototype tests on 15 and 30 t
units at Gioia Tauro (Grimaldi and Fontana, 1984).

It is obvious that, to get greater unit strength, even

larger waist-ratios could be used. However, stability tests

showed a gradual reduction in stability for the larger

waist ratios, which was to be expected. The reduction

in stability from r = 0,33 to 0,38 was relatively small

but the test results indicate a reduction in KD of some

50 per cent from r = 0,33 to 0,43 (Scholtz, Zwam~orn and

Van Niekerk, 1952). As a waist ratio of 0,43 corres-

ponds to an 82 t dolos unit, there is still considerable

scope in using the waist ratio in the optimi ation of the

design.

Structural performance ofdolosse can also be significantly

improved by proper mix design and good quality control.

Tests by Surcharth (1981) and Tera et al (1982) confirm

the importance of high rupture strength and low Young's

modulus concrete (Terao found an increase of 50 per cent

in the breaking drop height for 4 t dolosse for a 100 per

cent increase in concrete strength). The beneficial

effect of increased rupture strength is also evident from

Figure 9 which shows that for a small increase from, say,

3,5 to 4,0 MPa, a 45 t dolos should be as strong as a 20

t one, even if the waist ratio is not increased.

A significant increase in critical drop height (about 85

per cent) was obtained at Gioia Tauro using 5,5 I/m)

plasticizer (Rheobuild 877). The 30 t units were two

months 'young' when tested. Depending on thq cost, the

addition of plasticizers in the mix design could therefore

be considered.

Single central scrap rail reinforcement, similar to that

shown in Figure 10, was used in the original East London

dolosse, mainly to lift the dolosse out of the mould.

This type of reinforcement has been used at Oranjemund,
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to avoid/retard breakage of too light units which had to

be used (Standish-White and Zwamborn, 1978). So far,

this offshore water intake structure has performed satis-

factorily.

In the redesign of the Gioia Tauro breakwaters (Grimaldi

and Fontana, 1984) it was decided (1979) to introduce

single-scraprail reinforced 30 t dolosse in the more

critical areas on the breakwater heads for extra safety

and to reduce maintenance (27,4 kg/m steel or 0,35 per

cent by volume, Figure 10). Subsequently, the designers

(Polytecna Harris of Milan) developed the socalled double-

V rail reinforcement (Figure 11) which consists of a

frame with Fourscraprails in tie dolos trunk and one scraprail

each in the flukes (53 kg/m steel or 0,7 per cent by

volume). This solution proved to be both very effective

and economical; the critical drop heights were found to

come fairly close to those of the conventionally reinfor-

ced units, the possibility of corrosion was minimized and

the extra cost for the reinforcing was reasonable (extra

cost for double-V reinforced dolosse being about 60 per

cent in Italy and about 26 per cent in South Africa).

Various relatively cheap methods to improve the strength

of dolosse have been discussed above. It is not

possible to define the exact dolos strength required when

a certain amount of moving/rocking is allowed to occur

under design conditions. Prototype observations, discus-

sed above, provided reasonable proof that doloes structures

designed on the basis of a few per cent (2 to 3) total I.

damage (displacement plus rocking) performed satisfactori-

ly. There is no doubt that strength improved (e.g.

scraprail reinforced) units will be able to withstand

considerably greater movements/rocking but more observa-

tions and (full scale) tests will be needed to confirm

the need and effectiveness of these improvements and to

arrive at the 'optimum' design.
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STRUCTURAL TESTS GM DOLOSSE

In the foregoing sections, frequent reference has been made to structural

test results which provide invaluable data regarding the os

relative strengths of dolosse of different design, conc-

rete quality and reinforcing.

A standard drop test on a solid concrete base has been

proposed for dolosse by Burcharth (1981), details of

which are shown in Figure 12.

Surcharth found that trunk breakage occurred for drop

heights of the centre of gravity of 0,12 to 0,17 m using

1,5, 5,4, 10 and 20 t unreinforced dolosse. These drop

heights improved by about 50 per cent using conventionally

reinforced dolosse (75 kg/m' or 1 per cent by volume,

compared with 45 kg/m or 0,6 per cent used at Humboldt).

The results of similar drop tests carried out at Gioia
Tauro, Italy, on 15 t (r = 0,32) and. 30 t dolosse (r = l

0,37, see Figure 11) (Grimaldi and Fontana, 1984), as inter-

preted by the author, summarized as follows (mean of repeat tests):

Failure or major damage

Dolos Age No. Repeat Reinforcemint ..

mass (t) (months) tests type (kg/m) Drop 1eight Impact Velocity
Plasticizer typE L (W) V (mVS)

(1/nT) _ __

15 20 2 - 015 1,7 C

30 20 1 - 0,42 2,9

30 2 3 - 0,21 2,0

30 2 2 Rheobuild 877 0,39 2,8
(5,52)

30 2 2 Steel fibres (50/74 0,24 2,2

30 2 2 Twisted " (30/50) 0,29 2,4

30 3 1 Steel " (120) 0,50 3P2

30 2 3 Single rail (27,4) 0,s 3,2

30 2 1 Double rail (51,3) 0,9 4 P2

30 2 1 Dauble-V (53) 1,3 4,7

30 2 4 rinvent ionaX 77/138) ..1,2 4,6
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The results in this table show the considerable improve-

ment in dolas strength with time (pozzuolana cement was

used), the positive effect of the larger waist ratio of

the 30 t units, the limited benefit of the steel fibres

and the effectiveness of, particularly the double-V rail

reinforcement.

These drop tests were done by increasing the drop heights

from about half the critical height for the first drop by

steps of 20 to 60 mm for subsequent drops, that is, by

about 10 per cent of the critical drop height. Burcharth

(1984) has shown that repeat impact loadings reduce the

ultimate dolos strength, for example, 10 repeat impacts

on a solid base reduce the ultimate stress to 80 per

cent. Thus, as a result of the test procedure, the

above drop test results can be considered to be somewhat

conservative for a single loading case.

The standard drop test is carried out on a rigid base and

failure is virtually due to impact loading only. In a

breakwater armouring, a dolos will either drop on under-

layer stone or on another dolos, both of which will prob-

ably move under the impact. A dolos breakage test which more

closely represents conditions on an actual breakwater,

should therefore include a realistic yield, comparablie to

movement of the underlaying dolos and/or stone. Further

drop tests and free fall tests were therefore done at

Glola Tauro onto a 50 to 1000 kg rock fill bed and onto

the breakwater core (Figure 13). The mean results of

these tests, as interpreted by the author, are as follows

(30 t dolosse, see Figure 11):
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Failure or major damiage
Age No. Re- Type of Test bed Reinforoemnnt -

(mnths) peat test material type (kg/m) Drop Height Impact Velocity
Tests L (m) V (m/s)

2,5 2 drop rock - 2,4* 5,9*

3,5 I drop rock Twisted fibres 2,4* 5,9*
(75)

2,5 3 free fall rock - 1,5 5,4+
- Twisted fibres

3,S 2 free fall rock 75) and 2,5 7,0

Steel fibres(95

2 1 free fall rock Double-V (53) 2,6 7,1

2 2 free fall core Double-V (53) 2,5/5,0 7,0/9,9

2 1 free fall core Conventional(77) 10 14

*Maximum possible lifting height, no visual damage.

The most significant result of these tests is that the

critical drop heights are considerably greater then for

the rigid-base case. The drop height fcr the 30 t

unreinforced dolosse is seen to be about ID times greater

which, because this test configuration is considered much

more comparable with reality, means that unreinforced

dolosse should be able to withstand considerable movements/

locking without breakage, a fact which is borne out by

prototype observations.

Because tests on rubble are difficult to control fully

and the inclusion of a certain yield in the tests is

considered essential to get results more directly compar-

able with the actual breakwater situation, a test tech-

nique which includes an adjustable yield has been develop-

ed for full scale tests on 9 t dolosse at Cape Town (May/

June, 1985).
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RESEARCH NEEDS

In a paper "Dolosse, past, present, future?" (Zwamborn,

eL al, 1980) the following research needs were listed:

' (i) more information is required on realistic design

e conditions and representative reproduction of these

conditions in, preferably, three dimensional models;

(1i) research into the structural behaviour, under extreme

load conditions, of artificial armour units, in general,

and dolosse, in particular, is needed; such studies

should include surveys of existing doles structures,

hydraulic model tests to determine the loads on the

units, stress analysis for these load conditions and

structural tests to determine acceptable degrees of

movements;

(iii) for deep-water conditions, structures with a high

reserve stability should be developed; and

(iv) model test techniques should be investigated further

and standardized as far as possible to ensure compatibi-

lity between test results of different laboratories".

Progress has been made with most of the above items but

much work still has to be done and it is believed that

the above needs still stand today.

The most important questions emerging from the foregoing

discussions on doles armouring are:

- what is the extent of doles movement under 'design'

conditions,

- what are the resulting in situ loading conditions and

stresses in the dolosse,

- can the dolosse withstand these loads without breakage

(serious deterioration),

- what are the effects of dols breakage on the overall

armour stability?

It is suggested that future research should be aimed at

answering these specific questions while, at the same time,

taking into account the overall research requirements

listed above (items (i) to (iv)).
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The problams are complex and different approaches including

detailed structural analyses, measurements of movements,

forces and stresses in model and prototype uniis under

various load conditions and specific model and prototype

tests will be necessary. Because of the stochastic

nature of the problem, the South African approach will

continue to concentrate on improved methods to record

dolos movements in hydraulic model tests and to relate

these to overall behaviour of actual dolas structures.

A structural test technique is being developed (dolos

break test) which is expected to be more comparable to

the breakwater situation. Moreover, 9 t 'test dolosse'

having different types of scraprail reinforcement, will

be placed along a 30 m long section of the west breakwater

in Table Bay as temporary protection after the May 1984

storm damage. These 9 t units are much too light for

this situation and their behaviour during the coming

winter season (1985) will be closely monitored for compe-

rison with model data.

CONCLUSIONS

It is concluded that carefully designed dolas structures

can withstand large waves with only a few per cent damage.

3hortcomings in the design and/or construction can,

however, result in significant damage or even local

failure of the structure.

Dbols armour design could be based on 'no movement',

'unbreakablel units (e.g. heavily reinforced) or 'limited

movement' using strength-improved dolosse. The latter

is considered to provide the 'optimum' design.

Prototype tests on dolosse have shown that scraprail-

reinforced units (particularly the double-V reinforced

ones) can withstand considerable impact forces while a

realistic yield (comparaLle to the breakwater situation)

will increase the ultimate drop heights by a factor of

about 10.
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Research is needed to establish the extent of dolos

movements under 'design# conditions and to relate these

movements to in situ loading, stresses and breakages/

serious deterioration.
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OUTLINE OF STUDY

ON

STRUCTURAL STRENGTH OF ARMOR BLOCKS

May, 1985

Taij i Endo

Hydraulic Laboratory

Nippon Tetrapods Co.,Ltd

INTRODUCTION

Since a water depth at any proposed site for breakwater construction

becomes deeper and incoming waves become larger. the weight of armor units to be

used to protect the breakwater should be increased. In the case of large armor

blocks used in an area of large waves, a structure for the dissipation of waves

consisting of large armor blocks would be required to be stable against any

wave. At the same time the strength of individual blocks making up the

breakwater would become much more important than in the case of small blocks.

NTC (Nippon Tetrapod Co..Ltd.) has conducted studies using samples having

different concrete strengths and weights and also concrete samples reinforced

utilizing polyethylene fiber to obtain basic data concerning strength properties

of Dolosse and Tetrapods.

1. DOLOSSE

Experiments were conducted using samples of reinforced concrete

weighing 4 tons and plain concrete weighing 4 tons, 0.4 tons and 0.04 tons

respectively. Data was obtained on stress distribution at various points on

Dolosse under static and dynamic loads, the influence on the structural strength

of Dolosse by changes in sample weight and concrete strength, and impact loads

when dropped on a concrete foundation.

The results of the experiments were reported at the 18th International

Conference on Coasta: Engineering in Cape Town and are given in Attachment 1.

Attachment 2 discusses the outline of 40t and 50t Dolosse used in the breakwaters

at Naha Port, Okinawa Prefecture. 92 kg /n iron bars were used for reinforce

.4 -ment.
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2. TETRAPODS

Drop tests were performed on unreinforced Tetrapods weighing 4 tons.

0.4 tons and 0.04 tons respectively, of which design standard concrete strengths

were a -210 kg/cd . 300 kg/ed and 400 kg/d . Data was obtained on

concrete surface strain at the base of the legs, the influence on the structural

strength of Tetrapods by changes in sample weight and concrete strength, and

impact loads when dropped.

A Drop test on a 4 ton Tetrapod reinforced with polyethylene fiber was

also conducted.

The results of the tests are given in Attachment 3.

3. HYDRAULIC TEST USING WEAK STRENGTH MODEL

NTC developed gypsum concrete having a specific gravity from 2.3 to

2.4 with low compressive and tensile strengths. A 1: 40 model of a 40 ton

Dolos made from this material was tested to investigate the resulting damage.

The result of the test was presented in the 31st Japanese Conference

on Coastal Engineering in 1984 (the Japan Society of Civil Engineering) and

Attachment 4 has the details.

4. MEASUREMENT OF STRESS GENERATED IN BLOCKS UNDER WAVE ACTION

NTC carried out a hydraulic model test utilizing 50 kg Tetrapods

jointly with the Central Research Institute of Electric Power Industry using

their large wave channel.

Stress measurement was made using strain gauges,

Attachment 5 gives the details of the test.
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Attachment 1

PROTOTYPE TESTING OF DOLOSSE TO DESTRUCTION

T. Terao1 , K. Terauchi2 , S. Ushida 3

N. Shiraishi4, K. Kobayashi5 , H. Ga.iara 6

ABSTRACT

The Dolos, a type of armor unit, has been used widely
for breakwater and shore protection works in the world.
However, it has been reported that the armor layers of
several breakwaters have been damaged by wave action, and it
is probable that the breakage of Dolos has been the cause of
that failure.

In this paper, static and dynamic tests using Dolosse
units are described. 4t reinforce, units and 4t, 0.4t and
0.04t unreinforced units were used.

In these tests, concrete surface and reinforcing bar
stress of Dolos, and impact load were measured.

The results of these tests were as follows:
(1) From the both tests i.e. the static load test and the
drop test, stress was greatest in the corner between the
chamfer and the stem. Cracks occurred at this point.
(2) In the static load test, comparing the results of both
units with reinforced and unreinforced chamfer, it became
clear that the reinforcement of the chamfer could reduce the
magnitude of the stress concentration.
(3) in the drop test, the drop height which made cracks was
almost constantly independent of the weights of the units.
And it could be considered that there was little influence
of increasing the concrete strength as to the breakage of
Dolos

1. INTRODUCTION

The Dolos is a type of concrete armor unit that has a
high degree of interlocking capability. Dolosse have been

IDirector of the 4th District Port Construction Bureau2Special Assistant to the head of Naha Port Construction
3Deputy Special Assistant of Nagoya Port Construction Office
4Senior Managing Director of Nippon Tetrapod Co., Ltd.
5Manager of R & D section of Nippon Tetrapod Co., Ltd.
6R & D section of Nippon Tetrapod Co., Ltd.
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used at many port and harbor locations ( 1, 2 ). However,
recently, it has been reported that the armor layers of
several breakwaters have been damaged by wave action ( 3 )
and it has been considered that the breakage of Dolos is one
probable cause of this damage. Consequently, the problem
related to the structual strength of Dolos has been
discussed. O.J. Lillevang and W.E. Nickola ( 4 ) examined
the stress distribution of Dolos model with some shapes of
chamfers under static load by using the three-dimensional
photoelastic stress analysis, and suggested the shape of the
chamfer to reduce the concentration of the tention stress.
H.F. Burcharth ( 5 ) did the drop and pendulum tests using
1.5t to 20t Dolosse, and proposed a method for the design of
impact loaded Dolosse. C. Galvin and D.F. Alexander ( 6
proposed a theoretical relationship between wave height and
concrete strength of armor units. And there were some
papers of tests related to the breakage of Dolosse prior to
using them to breakwaters, for example, S. Barab and
D. Hanson, C.A. Walter and D.R. Clark ( 7, 8 ).

In the case of a composite type breakwater with armor
layer which are filled completely with armor units of the
same size, it is considered that the lowest units will be~subject to the static load caused by the dead weight and the

units of the exposed side will suffer from the impact load
resulting from rocking.

As armor units in these two situations are prone to
some damage, we made static load and drop tests using
Dolosse and also measured the stresses in some parts of
units.

2. TEST CONDITIONS AND PROCEDURE

Assuming the load conditions, two different types of
tests were performed. The static load test was performed to
simulate the condition of a dead load of units caused by
settlement, and the drop test was instigated to simulate the
impact resulting from rocking under wave action. Fig. I
shows the test methods.

4t reinforced and 4t, 0.4t and 0.04t unreinforced units
were used in these tests. The waist ratio was constant at
0.32. Table 1 shows the test program, Fig. 2 shows the
geometry of units, and Table 2 shows the mix proportions of
concrete. Tensil strength test results of steel bars and
bar arrangement drawing are given in Table 3 and Fig. 3,
respectively.

In the static load test, the vertical fluke of the unit
was fixed by a support equipment. There were two different
loading conditions. One was imposed on the mid point of the
horizontal fluke and the other was on the tip point.
A hydraulic jack was used for loading. Photo. 1 shows the
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situation of the static load test.

In the case of the drop test, the horizontal fluke was
supported in a way to keep the stem level. Then, the
vertical fluke was lifted up to a predetermined height and
dropped onto a concrete slab of 1 meter thickness by use of
a quick release device. Drop height started at 2 cm and
increased every 2 cm. Some of the drop test units were
provided with load cells at the bottom of the vertical
fluke to measure the impact load. Photo. 2 shows the
situation of the drop test.

In both tests, several strain gauges were placed on
the reinforcing bar and the concrete surfaces of each test
unit in order to measure the strain.

3. TEST RESULTS

3-1 Static Load Test

3-1-1 In the case of imposing a load on the mid point of
the horizontal fluke

Stress concentrated on the corner between the chamfer
and the stem due to the bending force. Cracks occurred at
this point. Photo. 3 shows the breakage of Dolos. From the
results of unreinforced units shown in Table 4, it is
considered that the ultimate imposed load which caused
cracks increased slightly as the compressive strength of
concrete increased. Fig. 4 shows the relationship between
the concrete surface stress and static load.

In the case of reinforced units, cracks appeared in
that corner under the static load which was almost as large
as the results of unreinforced units. Fig. 5 and 6 show the
stress distribution of the reinforcing bar using the units
with the chamfer reinforced and unreinforced, respectively.
Stress concentrated on the corner revealing themselves as
corresponding cracks.

In the case where the chamfer was not reinforced, the
reinforcing bars placed at the stem yielded under'a smaller
imposed load compared to that of the reinforced chamfer.
It is apparent that reinforcement of the chamfer is
effective.

3-1-2 In the case of imposing a load on the tip point of
the horizontal fluke

The results of cracking were different between 92 kg/im 3

and 151.kg/m 3 reinforcement units.

In the case of the 92 kg/m 3 reinforcement unit, cracks
occurred in the corner between the chamfer and the stem, and
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progressed toward the stem at 450. Ultimate breakage wAs
identified as shear rupture due to bending and torsion
forces. Photo. 4 shows the cracks of the stem. Fig. 7
shows the stress distribution of the reinforcing bar. From
the result of the relationship between the reinforcing bar
and static load shown in Fig. 8, the stem and chamfer bars
placed at the corner section ultimately yielded at about
170 KN.

While in the case of 151 kg/m 3 unit, cracks appeared
in the corner with a small imposed load, and thereafter new
cracks occurred and progressed inthe stem at 450. Ultimate
breakage was identified as sheer rupture due to tortion
force. Fig. 9 and 10 show the stress distribution of the
reinforcing and static load, respectively.

3-2 Drop Test

Cracks occurred in the corner between the chamfer and
the stem identical with the results of static load test.

From the results of unreinforced units shown in Table
5, it is considered that the drop height which crack occurs
is almost constant independent of the weight of the units
and concrete strength. Photo. 5 shows the broken unit.

In the case of the reinforced units, stress
concentrated on the corner and cracks occurred at this
point, too. But the units didn't separate into two pieces.
The stress distribution of the reinforcing bar is shown in
Fug. 11.

Impact load and impact time were also measured by using
load cells. Fig. 12 shows the relationship between the
impact time of the load and the drop height. Fig. 13 shows
the relationship between the impact time of the load and the
weight of the unit. From these results, it can be assumed
that the impact time of the load is almost constant
independent of the drop height while using the same weight
of the unit, and the ratio of the impact times is almost
equal to the ratio of their characteristic length i.e. Dolos
height.

From the results of the relationship between the
maximum impact load and drop height shown in Fig. 14, it is
considered that the impact load is proportional to the
square root of the drop height and the ratio of the impact
loads is equal to the square of the ratio of their
characteristic lengths under conditions of the same drop
height.

As the ratio of the concrete surface strain is almost
equal to ::he square of the reciprocal of the ratio of their
characteristic lengths under conditions of the same impact
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load, the maximum strain on the concrete surface is

proportional to the square root of the drop height as shown
in Fig. 15. This results in the stress of the concrete
surface being constant independent of the weight of the unit

under conditions of the same drop height.

4. CONCLUSIONS

Stress distribution, the influence of the concrete
strength and weight of unit for the breakage of Dolos, and
impact load were obtained through these static load and drop
tests/

The result of these tests were as follows:
(1) From the both tests, i.e., the static load test and the
drop test, stress was greatest in the corner between the
chamfer and the stem. Cracks occurred at this point.
(2) in the static load test, comparing the results of both
units with reinforced and unreinforced chamfers, it became
clear that the reinforcement of the chamfer could reduce the
magnitude of the stress concentration.
(3) In the drop test, the drop height which made cracks was
almost constant independent of the weights of the units.
And it could be considered that there was little influence
of increasing the concrete strength as to the breakage of
Dolos.

5-. REFERENCES

1 Zwamborn, J.A. Bosman, D.E. and Moes, J. (1980)
"DOLOSSE: PAST, PRESENT, FUTURE ?", 17th ICCE,
Sydney, Australia.

2 Sakou, T. Shiraishi, N. and Kobayashi, K. (1981)
"JAPANESE PRACTICE WITH CONCRETE ARMOR UNIT",
ASCE, New York, New York.

3 Magoon, O.T. Sloan, R.L. and Foote, G.L. (1974)
"DAMAGES TO COASTAL STRUCTURES", 14th ICCE,
Copenhagen, Denmark.

4 Lillevang, O.T. and Nikola, W.E. (1976)
"EXPERIMENTAL STUDIES OF STRESSES WITHIN THE BREAKWATER
ARMOR PIECE 'DOLOS'", 15th ICCE, Honolulu, Hawaii.

5 Burcharth, H.F.
"A DESIGN METHOD FOR IMPACT-LOADED SLENDER ARMOUR UNIT"
Bulletin NR. 18 Laboratoriet for Hydraulik OG
Havnebygning, Aalborg, Danmark.

6 Galvin, C. and Alexander, D.F. (1981)
"ARMOR UNIT ABRASION AND DOLOS BREAKAGE BY WAVE-INDUCED
STRESS CONCENTRATIONS", ASCE, New York New York.

7 Barab, S. and Hanson, D. (1978)
"INVESTIGATION OF FIBER REINFORCED BREAKWATER ARMOR UNITS"
Proceedings, ACI, International Symposium: Fiber Reinforc-
ed Publication SP-44.

8 Walter, C.A. and Clark, D.R. (1981)
"TESTING OF PRECAST CONCRETE DOLOSSE ARMOR UNITS", ASCE,
New York, New York.

223



A

Static load test Drop test

Figure 1 Test Method

Table 1 Test program
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4 2239j 716 1386 1 458 6%1 125 1651

04 10,3 3Z1 178 1981 141 58 302

Q0 8 2__9_1_4 -0.310

Figure 2 Geometry of units

Tale 2 Concrete mixture

r-t rnk SIUMD dimeteq W/C S/A 1Cement Water Sand

20,6 10 25 55.5 385 251 139 743 1186 106-81

29A 10 25 44.5 35Q 320 142 680 1184 0.800

89.2 10 25 34.5 345 421 145 612 1162 1.053

Table 3 Test results ot rnlnorCin bar

"D ia m e t e r S t re ng h e s u lt s

Stnrd (MrM) (Mpa)
Y ield 294stren oth
Ultimate 428

____,_~__ rts le =
SRF-24 Y Od1strength ,35

16 Ultimt 478 reinforr-ement: 13rn and l6m bars

concrete cover layer: 65m
Figure 3 Bar arrangement drawing
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Table 4 Static load test results C unreintorced unit

Design cracking Breaking
Weight compressive static load static load__(t) .... strengt h. ..MPa Mk) Mk)

20.6 1 61.7 735

4 29.4 71.5 80.4

39.2 80.4 93.2

*' ' 4 i.

• " 226

SL% rk)
I I



zowe

100
~~ : ~ -A.M 4 a

soc

A

aa

~ to

A';o

IIn

A ~9hf~6 ITII 0ISfT1t16ICtm or mxIWVW T

lb. Pi4 "IMt of 04a AfuI fl.ag)

227



__ _ _ __ _ _ _ __ _ _ owl

42

IO(-- - ------

It

z"_

I 1

-228

-If



N
N

IS

--w -- - - --- --

(UNW O tr ti Vo" ofthewift"I wir

Saowt' Alll~c~w

AM

40 %

F *000 BE4Umv W1v~toff be Sum&W"i k

229



Table 5 Orap Lest results ( unreinfarced unit

Ceia Cracking 8teaking
Weight~ conrressie drop height dro0fegt

Mt strength (Mal (cm) (cm)'gi

20.6 12 14

4 29,4 10 16

39.2 14 18

0.A 20.6 12 1 16

0.04 20.6 j 14

W,%I

__________~
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Photograph 1: The situation of the static load test

Photograph 2: The situation of the drop test
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Photograph 3: The breakage of Dolos (Static load test)
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Photograph 4: The cracks of the stem (Static load test)

V
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Photograph 5: The breakage of Dolos (Drop test)
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Attachnent 2

DETAIL DESIGN OF REINFORCEMENT OF

DOLLOSSE AT NAHA PORT, OKINAWA

Fi -g. Plan __of _______

sd T cti___________Ii ____ I L-,, I4 (

hI of H o T-7 I

S IL i 1

kq/(vo0 tah.ahI1d .c(.i| (m1 a (--$ b (C"i a (ca( c -. 3m ca (ca a I m

0 8 2 o t 17.391 50.041 490 1543 986 930 1441 1401 l 0 7 9S
A% 2I179 .0 7 52007.7 163/ 0 5 2 4 1 2 850 15 94879 1722.679

- Srtrig.l Pla t of Dolos.

2P Ranging bar

2i3de

Ty'.Ojme. ~Prpety~ * L nq i Qatty i t n re n rc. of bars~l

m l02l IL01~ kq/llm cm cm eni cm c a mi cma kq/H k kq

-0 4 t iN - .2 12.0 7 4.0 7.7 15.0130 37. 23,0 39.4 4.50 2 127.90 1594.979 1722. 679 i

50 55 9ra41 18.7 140 8.0 44.0C 17.0 140£ 44. C27.0 33.8 5.00 2 197.00 2020. 512 2207,512

I t* ss4l Structural steel limit ultimate tenside strength >. 41kg/mm z

~(JIS G 3101)

Fig.2 Plan showing hanging bar in Dolos with details of weight..
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Attachment 3

OUTLINE OF TESTS ON TETRAPODS TO DESTRUCTION

DROP TEST FOR TETRAPODS

Plain concrete Tetrapods weighing 4 tons, 0.4 tons, and 0.04 tons

having design standard strengths of 210. 300 and 400 kg /cd were used in the

tests ; A 4 ton Tetrapod reinforced with polyethylene fiber.of which the design

standard strength was 210 kg/cm, was also tested.

Whole blocks were suspended at a predetermined height and then dropped

in a manner where their three heels would reach a concrete foundation simultaneously.

Strain in the concrete and the resulting damage at various locations was studied.

Table I shows the test cases and results.

1. PLAIN CONCRETE TETRAPODS

In the case of plain concrete Tetrapods. cracks appeared regardless of

the concrete strength. These cracks extended upwards from the locations-between

each leg in the 4 ton sample and either between each leg or in the center of a leg

in the 0.4 ton and 0.04 ton ones. Heels of some Tetrapods landing on the

foundation received damage. The drop height causing cracks was approximately

20 ca irrespective of the sample weight and concrete strength. This phenomenon

demonstrated that an increase in concrete strength did not significantly

contribute toward improving resistance against cracking. The crack width was

independent of the weight and concrete strengthand less than 0.01 mm after one

drop -- barely detectable using acetone. The crack width, however increased

from 0.1 to 0.7 an with each drop until the block broke. The concrete surface

experienced compressive strain on the upper side of the leg and tensile strain

on the lower side. The magnitude of the strain was proportional to the square

root of the drop height.

Impact time on the 4 ton sample was estimated to be from 0.007 to

0.008 sec from the shock wave profiles obtained from the experimental results.

Fig. I shows the relation between the drop height and concrete strain.

The frequency of free damped oscillations of the impact strain was

constant at 500-600 Hz for the 4 ton sample irrespective of drop height.
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concrete strength and location of the gage. It was substantially in inverse

proportion to the scale ratio of the Tetrapod height ; 900 -1000Hz for the 0.4ton

sample, and 1.700 -"1.800 Hz for the 0.04 ton sample. The damping factor for

the samples ranged from 0.01 to 0.05.

The drop height was increased by factors of 2 cm starting from ground

level. Please note that these results are different from those obtained in tests

where Tetrapods are dropped only one time to find the heights at which cracks

first appear.

2. TETRAPOD REINFORCED WITH POLYETHYLENE FIBER

In the case of samples made of concrete containing 1.5% and 3%
.4

polyethylene fiber mix respectively, major cracks occurred in the groin or in the

center of the base legs with numerous minor cracks all over the legs, but this

did not lead to further disintegration the result of the fiber holding the

structure together. However slight deformation and increase of the contact area

with the ground surface resulted. The positions of the breaks were quite

complex, and more significant in the case of the 3N mix. The drop heights at

which cracks occurred were approximately constant despite some variation, and

the value was about 12 cm irrespective of the mix ratio. This value was insig-

nificant compared with the drop height of 20 cm where cracks appeared in the

plain concrete blocks. While the reason for this is not clearone reason could be

that compaction was not sufficient at the time of concrete pouring. Since poly-

ethylene fiber has a stretch modulus of 2.2 x 10' kg/ci, it is not possible to

achieve greater drop heights before cracks occur simply by increasing the poly-

ethylene mix ratio.

When the results for the 1.5% and 3% polyethylene content were

compared with those of plain concrete the 42 cm and 60 cm break heights showed

a significant increase over the 26 cm value found for the plain type.

As shown in Fig.2, the surface strain on the concrete on the tensile

side had either the same or a somewhat decreased value with increase in drop
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height. However, on the compressive side. the strain increased and behaved as

if in 3 stages with increase in drop height. These three stages were

(1) the stage where concrete resisted the impact force, (2) the stage where

polyethylene fiber held together after the crack occurred,and (3) the stage where

polyethylene fiber broke or was pulled out.

While polyethylene fiber cannot be expected to increase the resistance

to cracking if mixed in the concrete, it can significantly increase resistance

to impact and hold together after cracks occur.
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Fig.l Relationship Between Concrete Surface Strain an-1 Drop Height
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Fig.2 Relationship Between Concrete Surface Strain and Drop Height
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Attachment 4

HYDRAULIC TEST ON STRENGTH-REDUCED

MODEL TO INVESTIGATE DAMAGE

I. PURPOSE

Discussion on the structural strength of large concrete armor blocks

prompted by the destruction of a Dolos Breakwater at Sines, Portugal among

those concerned both in Japan and abroad. In order to find a solution to this

problem, the authors tried to reproduce similar damage to concrete armor blocks

by hydraulic model testing!3

The authors then developed a material with low strength (the term

strength refers herein to both compressive and tensile strength) of a specific

gravity 2.3-2.4. and conducted hydraulic testing using armor units made of

this material. The mechanism of damage was subsequently investigated.

2. MATERIALS AND METHODS

The study consisted of roughly two parts

(1) development of the strength-reduced material, and (2) hydraulic model testing

using armor units made from the material produced. In developing the material,

the authors aimed at reducing the overall strength by decrease of the bond

strength between aggregates and matrix and the strength of matrix per se.

The mix ratio was adjusted to maintain a specific gravity of 2.3.

This material was used to make I :40 scale models of 40 ton Dolos

blocks. A composite breakwater section consisting of composite armor units

(a caisson ) was built in a test channel using these strength reduced blocks.

The damage suffered by individual blocks and the accompanying deformation of the

structure was observed visually in order to evaluate the process and structure

deformation by waves.
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3. DISCUSSION

3-I. Properties of Stength-reduced Material

From the preliminary investigation, the authors decided to use copper

as the main component for strength-reduced material, and gypsum plaster and

water for matrix. Various degrees of strength to the material could be obtained.

while maintaining the specific gravity at 2.3 by controlling the mix ratio.

Naturally the material did not dissolve in water after hardening. The final

strength was achieved in about 7 days if subjected to high temperature curing in

the atomosphere. The strength, though slightly, increased over an extended

period of time.

The static modulus of elasticity (Em) of the strength-reduced material

was approximately 7.2 x I0 kg/cA (-720 MPa ) while that of the elasticity

(Ep) of the general purpose cement concr( e was about 2.0 X 105 kg/cd

-19.6 GPa) Therefore. the relation ? r,

Em/Epe 1I/28

held. This is somewhat greater than the target value of 1/40. The Poisson ratio

(Up) for the strength-reduced material was /m 1/2.5, while that of the

cement concrete 1/5 to 1/7. Thus the following relation held.

Pto /,up q 2

i.e. it was twice the target value I.

3-2. Result of Hydraulic Model Test

Cracks appeared in one of the Dolosse in the bottom layer of the

structure due to its own weight combined with that of other blocks placed above

in the structure after construction had been completed but before any wave

testing had started. This was because the Dolos was sitting in a position that
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received torsional stress.

Damage and cracks in the blocks were conspicuous in the bottom layer

at the front of the breakwater. The crown height decreased by about 4 cm

( 1.5 m in the prototype ) because of an overall shrinkage in the cross section

and damage to the blocks. The wave height in front of the breakwater was

U - 15.5 cm ( 6.2 m in the prototype ) at maximum. The unit weight of the

Dolosse used was found to be excessive against this wave height in view of the

stability. The material developed was weak versus repeated loads.

Although the result of the hydraulic model test on the developed

material could not be applied to the site, the results at least indicated the

direction for future study. For example it would be possible to ascertain

the position in a cross section where a Dolos could receive damage as well as

assess its properties. It would be also possible to estimate potential overall

- damage resulting from the breakage of several Dolosse and compensate for it,

4. REFERENCE

1) Kazfio Yamada and Hiroshi Okamoto :Hydraulic Test on Strength-reduced Model

to Investigate Damage. Proc. of 31st Japanese Conf. on Coastal Engg.,

1984. pp. 557-561. (In Japanese )
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Table I Result of physical property measured

Item Expected Masured Nte

Seific 2.3 ton/ d 2.305 ton/d
Gravity (p) (22.54 KN/ml (22.59 KN/d)

Coaressive 4.5 kg./cd 4.55 kgf/cii
Strength (a c ) (441 kPa) (446 kPa)

Tensile 0.45kgf/cd 0.58 kgf/c ot -cStrength (at ) (44.1 kPa) (56.8 kPa) 10

Young's 5.0X I0 5kgf/cd 6.74,-8.06
iodulus (E) (4,0 ,VPa) x 10kgf/ci

( 6641- O a )
Poisson's 0.2 0.35--0.49 9 v

Ratio Cau) L -

t :ranve~ral Strain a v Vertical Strain

Table 2 Details on hydraulic test conditions

2.Osec
Wave period (12. 7 sec) A

Wave height 7.8cm 14.3cm 16.0cm 15.0cm
3.1m) (5.7m) (6.4m) (6.Om)

Water depth at a toe 28.8cm
of the slope (11.5m)

Height of the crown 12.0cm
of the structure (4.8m )

blocksj625g Dolosse
Armor blocks( 40t Dolosse)

* ( ) ; In the prototype

247



17. 5cmi

DOLOS 625 grlunit CAISSON

5-2 5. 0 cm.,____

1:50 RUBBLE MOUND, -28.8cm
1'

Fig.l Hydraulic test section

H- . 0,® H,4 .3cm rmwi

DOLOSDOLOS

H-'16 .Ocm _-15.____

Fig.2 Result of observation during hydraulic test
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IN TETRAPODS UNDER WAVE ACTION
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5 Manager, R&D Section, Hydraulic Laboratory, Nippon Tetrapod, Co., Ltd.
6 Engineer, Akita Branch. Nippon Tetrapod Co., Ltd.
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PREFACE

Recently, rubble mound breakwaters constructed in deep water have

received damagee.g. the breakwater in Sines, Portugal. Coastal engineers are

interested in the details, so in 1983, a Working Group was set up with in the

Permanent Technical Committees of F-ANC to find the cause of damage and produce

coun termeasures
)

Concerning the damage to the breakwater in Sines, the results of

resech organizations in many countries suggested that the problem could be to

do with structural strength of Dolos units as well as hydraulic stability of the

breakwater against waves! )

In order to study stress occurring in blocks, Terao et al carried out

static load tests and drop tests using prototyp, Dolosse while Burchartht )

performed drop tests incorporating a pendulum davice.

Delft Hydraulics Laboratoryind the National Research Council of

Canada 6) measured stress in model Tetrapodxs ar.d Dolosse respectively made of new

model materials under wave action using new measuring techniques.

4eanwhile, the Waterways Experiment Station, U.S. Army Corps of

Engineer3, held an international Work Shop in order to establish design stan-

dards for structural strength of Dolosse and plans to measure stress in 50t

Dolosse in the breakwater under wave action in Crescent City.

In this hydraulic model test, in accordance with these trends, measure

-ments of stress in blocks were made to examine structural strength and produce

data on the design standard for W.E.S.

This hydraulic model test was conducted using 50kg Tetrapods, which

were selected based on a similitude relationship of an impact force on concrete

blocks, and an attempt to determine the behavior of Tetrapods under conditions

of wave heights greater than 1.1m utilizing the large wave flume of the Central

Research Institute of Electric Power Industry.
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This was the first time anywhere that use of such a large wave channel

for stress measurement was tried and it is expected that this is a precursor to

many tests on condition3 of waves and structures. The authors hope this study

will help to understand better the subject of blocks and contribute to the W.B.S.

program.
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I . INTRODUCTION AND OBJECTIVES

In recent years very large armor blocks have been used for

many coastal structures. However surface stress in large blocks is very

complicated under wave action. If stress in blocks became clarified ,

the results could be applied to design of structures utilizing such large

blocks.

From this view point,a hydraulic model test was conducted to

measure the surface stress in blocks under wave action.

In the test section,5Okg Tetrapods were placed in two layers

at random and surface stress in 2 Tetrapods in the vicinity of each other

just above the still water level was measured using strain gages.

Usually scaled down Tetrapods are selected for model testing but

because of the difficulty in reducing mass density,modulus of elasticity and

coefficient of restitution in accordance with similutude relations between

model and prototype , concrete Tetrapods weighing 50 kg were utilized in

this special large scale test.

During the test,block behavior was observed visually and on video

in order firstly to determine any relation between the wave action and block

motion and secondly block motion and stress generated.
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2. LAW OF SIMILITUDE

A similitude relation on an impact force is discussed hereinafter.

When a block collides with other blocks or a solid body, the impulse

induced by the impact force is assumed to be equal to the change in momentum,

so the following equation is validated.

Pd dt -a (v-v*) (2-1

where Pd ; impact force

v,v'; velocity of the6lock just before and after collision

respectively

e ; coefficient of restitution

a; mass

r ; duration of impulse

Burcharth and Aoyagi 7showed that the duration of an impulse is the

time which elapses for a longitudinal shock wave to travel from the point of

impact to a free edge of the concrete block and back again.

Prom eq. (2-1)

xv (Ie)
Pdot (2-2)

is derived, so the impact force is proportional to the speed of collision.

In this test, the motion of Tetrapods is assumed to be governed

according to Froude's law,

vm/vp (2-3)
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where A is a linear scale of a model Tetrapod and the subscripts m and p

refer to the model and prototype.

As concrete was used for the model material, the modulus of

elasticity, density and coefficient of restitution are the same as those of

the prototype. So;

E/Ep- (2-4)

PS /Pp -1 (2-5)

em/ep-i (2-6)

Therefore the relations

Ea/ i, t
ca/cp- -=- (2-7)

Ep/ P p

lu/Cm
rm/rp - -A (2-8)

lp/Cp

hold, where C shows the speed of the longittdinal wave in the concrete

and I indicates the distance between the impact point and a free edge of

the block.

Fro. the equations above, the similarity ratios of the impact and

elastic forces are obtained as follows.

Pda /Pdp - A (2-9)

Pan,/Pep - (a" / p) Al. ( Ea/a p Ep) A'

(as /sp) Ap (2-10)

where Pe ; elastic force

U ; s tress

a ; atrain

The similitude relations of the stress and strain between the model

and prototype under wave action are given by the following formula, as eq.

(2-9) is equal to eq. (2-10) .

arm /Op - m,/ep (J (2-11)
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3. MODEL OF TSTRAPOD

3-1 Weight of Tetrapod Used %

The results of the drop test carried out by Nippon Tetrapod Co.,Ltd.

(hereinafter referred to as N.T.C. ) using from 736g to 4t Tetrapods are shown

in Fig.3-1. The following equation should be valid in order for the similitude

relation mentioned in the previously chapter to hold true.

9 -v (3-1)

in which 8 ; impact strain

v ; collision speed ((x , h ; dropping height )

er ; a constant factor

Fig.3.1 shows a values calculated by eq. (3-1 ) utilizing measured

values of maximum impact compressive strain generated at the top of a leg

(on the compressive side ) with a linear scale factor based on 40kg Tetrapods.

This figure indicates that et becomes constant in the case of Tetrapods

heavier than 40 kg , so if 50 kg Tetrapods were used in the test, eq. (2-11)

could be applied. Therefore in the hydraulic experiment, 50 kg Tetrapods

were used.

3-2 Construction of Tetrapod Model

4 test Tetrapods of 50 kg were constructed with concrete using gravel

of size 25mm.
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Stress was measured at three locations 120 degrees to each other on

the top center of each leg. Totally 12 points per one Tetrapod were examined as

shown in Fig.3-2.

Strain gages (lengthilOmm) on the surface of the test Tetrapods were

covered with waterproofing cement.

Photos 3-1"- 3-3 show a Tetrapod model completed and the condition

during placement.

Characteristics of the test Tetrapods were measured and tabulated in

Table 3-1. These values were close to standard Loncrete.

Table 3-1 Characteristics of the test Tetrapod

Moist condition Air-dried condition

Unit weight 50.6 (kgf) 49.7 (kgf)

Specific weight 2.36 (sfld) 2.31 .(gf/Ad)

Static modulus of elasticity 3.08X10 5 (k/ca . 2.45x10S (kg/ci)

Dynamic modulus of elasticity 3.ROX OS(k/a) 3.68x 10 (ke/ed)

Before commencement of the experiment, preliminary drop tests in which

two legs were supported on a foundation were performed and the distributions of

strain were measured. The results, shown in Fig.3-S indicate that the strain

distribution was constant independent of the dropping height. In this hydraulic

model test, measured strain at the 3 points on each leg were used to obtain the

maximum strain in one leg usins Pig. 3-3.
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Side Base

Plane

Fig. 3-2 Locatiors for strain measurement
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Fi g. 3-3 Distribution of impact strain on the base of one leg
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Photo 3-1 Strain gages on the surface of the test Tetrapod

Photo 3-2 50 kg Tetrapod model

Photo 3-3 The condition during placem~ent
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4. TEST EQUIPMENT AND TEST MIETHOD

4-1 Test Equipment

(1) Wave flume

A large wave channel, 205m long, 3.4m wide and 6.O. deep, at the

Central Research Institute of Electric Power Industry (hereinafter referred to

as CRIEPI ) was used in order to generate large waves for the 50kg Tetrapods

utilized.

Figs.4-1 and 4-2 show the details and a diagram of the section

respectively.

(2) Measurement system

The apparatus for measurement used in the experiment is listed below.

* Dynamic strain amplifier ; This was used for amplifying electric

current from strain gages.
/

* Data recorder ; This was used in order to record analog data

through the dynamic strain amplifiers.

* Multi-channel oscillograph ; Strain was reproduced on a multichannel

oscillograph chart. ,

*Video system ;This was used to record Tetrapod motion.

4-2 Test Method

A test section was constructed at a distance of 1%0m from the wave I.

paddle in the flume.
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The Tetrapods under study were placed alongside 2 adjoining blocks

on the surface of the slope slightly above the still water level where they

received the maximum impact force.

Strain was recorded by the data recorder and reproduced on a strip

chart at a speed ratio of 1 : 32 that of the recording speed for the duration of

the impact itself ,which was in the order of 1 millisecond to obtain a clearer

result. Strain on the chart was measured by a scale.

4-3 Test Cases

Test cases are summarized in Table 4-1. In the table,

h (m) ; water depth at a toe of the Tetrapod slope

T (sec) ;wave period

Lo (m) ;wave length in deep water

Ho' (a) ; equivalent deep water wave height

R (m) ; wave height at the toe of Tetrapod slope with

the structure not in place

C ;surf similarity parameter

(- tan ,4 tan8 ; gradient of Tetrapod slope)

NS ; stability number (- r r H /W (Sr-) 3 )

rr ; specific gravity of Tetrapod (2.3t/rd)

W : Tetrapod weight (50 kg )

Sr; r r ratio to the specific weight of water

(2.3 /1.0 -2.3 )

Waves were genera'ted for lOOsec in cases 1 and 4 and 60sec in cases 2

and 3. This was decided after taking effect of re-reflected waves from the wave

paddle in the wave tank into consideration.

Photos 4-1-4-3 show waves hitting Tetrapods.
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Table 4-1 Test Cases

Ca. h T Lo so H NsNuatir Totnpod
,,. (M) ( sc) (M) (M) (M) of Tla. Nur

1- 1 1.7 4.0 U.96 0.96 1.04 3.67 23.6 3 " T.P. No.1.1

1-2 1.7 4.0 24.96 1.05 1.19 3.43 35.3 2

1-3 1.7 4.0 2.96 1.14 1.33 3.25 49.3 1 -

-1-4 1.7 4.0 24.96 1.19 1.38 3.19 55.0 1

1-5 1.7 4.0 24.96 1.24 1.43 3.13 61.2 1

1-6 1.7 4.0 24.96 1.29 1.45 3.11 63.8 1 _

1-7 1.7 4.0 24.96 1.33 1.48 3.06 67.9 1

1-8 1.7 4.0 24.96 1.38 1.50 3A3 70.7 3 e

1-9 1.7 4.0 24.96 1.43 1.51 305 72.1 3 -

1 -10 1.7 4.0 24.96 1.47 1.51 3.05 72.1 3 -

1 -11 1.7 4.0 24.96 1.51 1.51 3.05 12.1 1

2-1 1.4 6.0 56.15 0.87 1.55 4.51 78.0 1 T.?. No. N 3

2-2 1.4 6.0 56.15 0.93 1.55 4.51 78.0 1 "

2-3 1.4 6.0 56.15 0.96 1.55 4.51 79.0 1

2-4 1.4 6.0 56.15 1.04 1.55 4.51 78.0 1

2-5 1.4 6.0 56.15 1.06 1.55 4.51 78.0 3

2-6 1.4 6.0 56.15 1.08 1.55 4.S1 78.0 3

2-7 1.4 6.0 56.15 1.11 1.55 4.51 78.0 5

2 -8 i4 6.0 56.15 1.14 1.S 4.51 78.0 3

2-9 1.4 6.0 56.15 1.17 1.55 4.51 78.0 3

3- 1 1.5 6.0 55.151 1.09 1.50 4.44 85.8 1 T.?. No.2.3

3-2 1.5 6.0 56.15 1.15 1.60 4.44 85.8 3

3-3 1.5 6.0 56.15 1.17 1.60 4.44 85.8 5 -

3-4 1.5 6.0 56.15 1.0 1.60 4.44 85.8 3

3-5 1.5 6.0 6.15 1.2 1.60 4.44 85.8 1 -

3-6 1.5 6.0 56.15 1.25 1.60 4.44 85.8 3

3-7 1.5 6.0 6.15 1.28 1.60 4.4 85.8 3

3 -8 1.5 6.0 56.15 1.31 1.60 4.44 85.8 3

4-1 1.5 4.0 U.96 0.90 0.97 3.80 19.1 1 -.P7 .3-

4-2 1.5 4.0 24.U96 0.96 1.04 3.67 23.6 2

4-3 1.5 4.0 24.96 1.05 1.18 3.45 34.4 1

4-4 1.5 4.0 24.96 1.33 1.35 3, 51.5 -

5 amo To t - T.F. No.3

* ; These numbers indicate numbers of times per test.

* * ; T.P. No.1 -4 are Tetrapod number.

*** ; Test tetrapods were rocking after normal placement in test cases 1-3.

**** ; Test tetrapod No.3 were rocking easily and repeatedly in test case 4.

* * * ** ; Test tetrapod No.4 were falling down easily in test case 4.
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Photo 4-1 Waves hitting Tetrapods (Normal placement)

Photo 4-2 Tetrapod placed so as to fall down

Photo 4-3 Tetrapod after falling down easily:

i.e. after falling down a distance equal to approximately of the block height
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5. TEST RESULTS

Test results are classified into three categories according to

Tetrapod reaction to the test.

5-1 Tetrapods Rocking after Normal Placement

: easured impact strain Is shown in Table 5-1. a t max and *c max are

used for the maximum values measured in tensile and compressive side when colli-

sions occurred. Behavior of Tetrapods due to wave attack is shown in Fig.5-1.

Actual motion was not visible under wave action, but was obtained by

a comparison of the positions of Tetrapods just before and after waves hit.

Then strain less than 3X10 could not be easured precisely due to noise

inference.

In case 1, the impact strain was not measured in Tetrapod No.4,but

was measured In case 1-10 (during the third wave generation) in Tetrapod No.1.

In case 2,strain was not measured in either Tetrapod No.2 or No.3.

Nevertheless waves of which height and period were 1.55 a and 6.0 sec respec-

tively hit the structure in the condition shown in Fig.5-1b).

In case 3, impact strain was found to be 3--26X107in the tensile side

of Tetrapod No.2. Tetrapod No.2 was then observed to fall down in case 3-7

(duringthe the 2nd wave generation ) . On the other hand, in Tetrapod No.3,

impact strain was not obtained before Tetrapod No.2 fell down. After this point,

tensile strain was measured and found to be 11-25x 10".

5-2 Tetrapods Rocking Easily and Repeatedly

In this category, the movements of a Tetrapod are show in Fig.5-2.

Its reactions to waves were as follows ; leg (I) crashed into Tetrapod A and

returned to its previous location due to gravity. Then leg() collided with

Tetrapod B. The distance leg ) moved was about 20cm. The measured impact strain,

e t max and s c max, is summarized in Table 5-2.
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5-3 Tetrapods Falling Down

In this category, the measured impact strain values, t t max and

e c max, are shown in Table 5-3.

In test cases 1-11 and 3-7 (during the second wave generation )

Tetrapods rolled down toward the toe of the Tetrapod slope (see Fig.5-1 )

In cases 4-1.4-2 and 4-3, as shown in Figs.5-3(a)-d), each Tetrapod

moved down a distance equal to approximately Va-i of the block height.

In cae 4-4. one of two test Tetrapods moved a distance of '/a a block

size and rolled down toward the toe (see Fig.5-3 (e)) .

In case 5, a Tetrapod was pushed down manually from the crown of the

structure in a condition of still water.

Examples of impact strain reproduced on a strip chart are shown in

Fig.5-4. They were measured in case 4-1 where a Tetrapod fell down for dis-

tance of %A its height. This impact strain can be seen as triangular pulses.
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After placement (case 1-1)
Just before Tetrapod No.1 fell down (case iI

No.4

Wavedir~t~onNo.1 fell down

Fig.5-1 (a) Behavior of Tetrapods in case1

No.3.

'40.2

No.2 fell down in case 3-7
(during the 2nd wave generation) Wv ieto

Fig.5-l Mb Behavior of Tetrapods in cases 2 and 3
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$-- Wave direction

Fig.5-2 Behavior of Tetrapod in case 3
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ii

Wave direction

Pig.5-3 (b) Tetrapod No.4 fallina down in case 4-2 (during the Ist wave generatic-, _
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No, 4

SWave direction

Fig.5-3 Mc Tetrapod No.4 falling down in case 4-2 (during the 2nd wave generation)

.4'.

Fi.- (d IrpdN. aligdw ncs -

NO.4

SWave direction

Fig.5-3 Md Tetrapod No.4 falling down in case 4-3
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6. DIS=SON

6-1 Impact Strain and Wave Properties

(1)Tetrapods Rocking After Normal Placement

Because impact strain was significantly influenced by Tetrapod place-

ment. correlations between impact strain and the wave properties could not be

clarified. However even when waves (Ns3 -70-8) hit Tetrapods, impact strain

was small (s t max -3 -26X10 " ) only when test Tetrapods did not fall down.

Such strain only occurred in conditions where the incident wave heights became

very large or adjacent Tetrapods fell down. Before this occurred, because of

slight rocking, impact strain could not be measured.

In case 3-6 (during the second wave generation), impact strain was

measured, as s t max -26X10land impact strain became small even if waves

were continuously generated. This meant that a Tetrapod was inclined to move a

more stable position from an unstable one under wave action.

(2)Tetrapods Rocking Easily and Repeatedly

In this category, behavior of Tetrapods followed the wave action re-

peatedly. In the case of repeated rocking, maximum impact strain in the tensile

side was estimated by applying the distribution,as shown in Fig.3-3,to measured

values. Their mean value Tt, standard deviation SD, maximum value t t max were

calculated and are shown in Table 6-I.

From Table 6-1, a correlation between impact strain and wave proper-

ties was not obtained because there was little data and the magnitude of

strain in the Tetrapods was influenced significantly by their linkage to each

other under wave action.
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In this category, measured impact strain when leg() crashed into

Tetrapod A was larger than that when leg(g) collided with Tetrapod B (mentioned

in 5-2) . It can be considered that when incident waves attacked a test Tetrapod

the block accelerated,while on the other hand, when it returned, its behavior

depended only on gravi ty.

(3)Tetrapods Falling Down

In the catgory where Tetrapods fell down a distance equal to %A-I

their height, e tmax was 11 "-58X10 "6.

When Tetrapods rolled down toward the toe of the Tetrapod slope,

*t max was 40-92x 104

On the other hand, in case 5 (still water condition ) , s tmax was

36X1ITi.e, not so large although the falling distance was large. It can be

seen that in the category where Tetrapods fell down under wave action, they were

accelerated by waves and their impact speeds became larger than that in case 5.
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6-2 Estimation of Impact Strain in 50t Tetrapods
From the test results, impact strain in 50t Tetrapod under wave action

was estimated using eq. (2-11) as follows.

aft -3.12 ci, (6-1)

where 8f ; impact strain in 50t Tetrapod

am* ; impact strain in 50kg Tetrapod

In the category where Tetrapods were rocking after normal placement,

the maximum impact strain in 5Ot Tetrapod in the tensile side was about

, =-81x10 . In the category where Tetrapods were rocking easily and repeated-

ly, 'as of 117X0 was obtained.

Generally speaking. the critical impact strain sc where concrete

bre&]i is 200 "-300 X10. Comparing the estimated results fortswith cc, it

can--be considered -that Tetrapod -would not break by rocking.

In the category where Tetrapods fell down a distance equal t - I

their size, the maximum t- is approximately 180xlO .

When Tetrapods rolled down toward the toe of the Tetrapod slope, the

maximum smt was about 290'10. Therefore, in categories like the two above,

cracks on a Tetrapod surface might occur.
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7. CONCLUSIONS AND FUTURE DIRECTION OF STUDY

The following conclusions were derived through the experiment.

(1) When S0kg Tetrapods were used, the similitude relations on impact stress

and strain between the model and prototype were satisfied under wave action.

(2) Tetrapods would not break due to usual rocking under these test conditions.

(3) In the case where Tetrapods fell down under wave action, impact strain

occurred was larger than that in the still water condition. It can be seen

that Tetrapods were accelerated by wave down rush and their collision

speeds became larger. In this case, the maximum value of measured impact

strain was very close to the critical tensile strain, so cracks on a

Tetrapod surface might occur.

Became behavior of Tetrapods is various under wave action, the motion

of Tetrapods due to waves could not be obtained from the tests.

In addition, even if large scale models are used, various cases cannot

be examined. Therefore hereafter the authors will carry out similar experiments

in simpler conditions using smaller models in order to find out the behavior of A,

Tetrapods, impact load and stress under wave action.

Impact load depends on collision speeds, but a correlation between S

impact load and stress was not obtained from the test results. Hereafter, the

authors will investigate this correlation. If the relation between behavior of

blocks and impact stress becomes known, a structural analysis of Tetrapods will

become feasible.
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"STRUCTURAL ANALYSIS OF ARMOR CONCRETE MEMBERS
TO DISSIPATE WAVE FORCES"

DR. OSAMU KIYOMIYA K7

DR. KIYOMIYA:

My presentation is on a new type of breakwater called arc shaped slit caisson;
the subjects of my presentation consist of three parts. The first subject is the loading
test of arc shaped members in order to know the mechanical properties of the
members. The second subject is finite elements analysis considering non-linearity of the
materials such as cor:;rete and bars. The third subject is the field observation of
prototype arc shaped type caisson to understand the behavior of the structure under
offshore circumstances. Though my presentation is a little different from the subject of
the concrete armor units, I think that the analysis of the concrete and the

measurement of concrete structures offshore will help the analysis of concrete armor
units.

The new types of breakwaters are proposed by the engineers in the Port and
Harbor Research Institute. Japanese engineers now have two ways to resist wave
forces and to secure a calm water area. One is due to the concrete blocks which Dr.
Endo explained to me. Another is this new type breakwater.

The reason these new type breakwaters are proposed is to construct
breakwaters cheaply offshore where the water depth is from minus ten meters to minus
fifty meters. In the deep water, the large and many concrete blocks are required.
These new type breakwaters save on the total cost of construction.

Today, I will mainly mention the arc shaped slit caisson in these new type
breakwaters. This is another type, another kind of breakwater.

This figure (see Appendix C for figures and related information) shows the

outline of the arc shaped slit caisson. The several arc shaped members are attached at
the front of the caisson and consist of the wave dissipated chamber. Wave energy
dissipates in this chamber. The length of the cdisson is twenty-one meters, its height is
ten point five meters and the radius of the arc shaped member is seven meters.

This type of caisson has been constructed at two locations in Japan. The
construction cost of this caisson is about one point two times that of the vertical face

* caisson with blocks. However, these breakwaters do not need the armor arrangement of
the wave dissipating concrete armor blocks even when this type of caisson faces the

*, ocean.

These figures show the state of waves and wave force for the arc shaped
members. These members are subjected to wave forces repeatedly from the outside and

*, from the inside. When the wave breaks in the chamber, impact load due to the wave
breaking applies to the arc shaped members.

These two figures show the design wave forces for the arc shaped member.
These patterns of the wave forces are obtained by an indoor hydraulic model test. TW

impact wave forces apply the inside of the members during wave dissipating and when
wave height is maximum wave height and (unintelligible) is unit weight of water.
Impact wave forces obtained by the hydraulic test is also shown in this figure. The
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design wave force is decided considering impact wave forces and distribution of wave
forces.

The figure shows the reflection coefficient of the arc shaped slit caisson and
wave dissipating concrete blocks setting before the breakwaters. This data is obtained
from the hydraulic test. Where KR is the reflection coefficient, LS is the wave length
and B is the width. Circle dots represent the base of the arc shaped slit caissons and
triangle dots represent the armoring concrete blocks. Reflection coefficients of the arc
slit caissons is almost the same as that of the armor in concrete blocks.

DR. GALVIN:

What is the slope in the armored blocks? One to four?

UNIDENTIFIED VOICE:

One to one and a third.

DR. GALVIN:

Okay, thank you.

DR. KIYOMIYA:

The first suibject concerns the load test of the arc shaped member. Loading
tests are carried out at the testing floor and wall. The test specimen is a quarter
circle in the side view and is designed to a scale of approximately zero one five of the
prototype member. The concentrated load is applied at the midspan by a hydraulic jack
with fifty tons capacity. The purpose of the loading test is to know the mechanical
properties of the arc shaped member in the elastic and plastic range of materials
because these properties, due to the alternate load, are not well-known.

This figure shows details of the test specimen. This figure shows the location of
instrumentation. The applied load is measured by a load cell attached at the tip of the
jack. The deflection of the test specimen, and the strain in the reinforcing bars and on
the concrete surface are measured. Contact points are attached on the surface of the
concrete at the interval of ten centimeters to measure width of cracks. The locations
of cracking and developing cracking are sketched by visual inspections.

This table presents the summary of the loading tests of the arc shaped members.
2When the load is applied from the inside to the outside, the failure mode of the

member is bending. The ultimate strength is about seven point four tons. When the load
4is applied form the outside to the inside the failure mode of the members is crushing of

concrete and shear. The ultimate strength is greater than that of the loading from the
inside. The ductility of the loading from the outside is smaller that than of the inside.

The ultimate strength, the failure mode, is different according to the loading direction.
When load is applied alternately, the mechanical properties are compounded by each of
the mechanical properties according to the loading direction. This figure shows load
percentiles. This figure shows crack formations in the ultimate spcci:;ocn. This figure
shows the ratio of the average stiffness; and also this figure shows the equivalent
viscoos damping coefficient.
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The second subject is on the finite element analysis of the arc shaped member
concerning the nonlinearity of material and plastic hinge. I present the comparison
between the computed results by the finite element method and experimental results.

Modeling of the reinforced concrete member is carried out for the concrete, the
steel, and the bond between the concrete and the steel, as shown in this figure. The
concrete is replaced by plane stress element, bars are replaced by the truss element
that transmits axial stress, and the bonds are replaced by the spring element that
transmits axial and shear stress.

Strength and stress-strain relationships of materials are shown in this figure.
The biaxial strength envelope is chosen to the model of the concrete. Under biaxial
compression, the strength envelope of the concrete is determined as Drucker-Prager's
Yield Law. The stress-strain relationship of the concrete is assumed to be tri-linear.
The state of stress reaches the brittle fracture surface, a crack is assumed to be
formed. This model is called the sheared cracking model. After the cracking has
occurred, the modulus of elasticity of the concrete is reduced to zero, perpendicular to
the cracking direction. Moreover, shear modulus G is reduced according to crack width.
However, models for tension stiffening in the concrete after cracking is not taken into
account in this model. The stress-strain relationships of the bars and the bond are
assumed to be bi-linear as shown in this figure.

The finite element mesh layout for the arc shaped member is shown in this left
figure. Because of the symmetry conditions, half of the test specimen is analyzed.

I will mention the comparison of the the load deflection curves and crack
patterns between the computed results and the experimental results. The load
deflection relationship of the arc shaped member obtained by the computation is
accordant with that obtained by the loading test as shown in this figure. The next
figure shows the relationship, the applied load and the tensile strain in the reinforced
bar. The computed results also agree with experimental results.

This figure shows the computed and experimental crack formation. The
propagation and width of the cracks cannot be estimated precisely since the sheared
cracking model is used in this study. The zone of crack formed and developed can be
investigated in the sheared model. The crack formation of the loading test is shown in
Number 4 figure. This shows without load, loading test. The black area shows the

2 location of crushing of the concrete, sheared part shows the location of the cracking
of the concrete. The location of the cracking and the crushing are in fairly good
agreement between the computations result and the loading test result. The comparison
shows okay.

The third subject is on the field observation of the arc shaped slit caisson. The
site of the field observation is at about four hundred fifty kilometers north of Tokyo.

* The purpose of the field observation is to confirm the performance of the arc shaped
slit caisson at an offshore environment and to know the behavior of the arc shaped slit
caisson for waves. The depth of the water at the construction site is minus eleven

* meters and about one kilometer off the land. In winter season and in typhoon season,
large ocean waves reach this caisson directly. The design wave height ot the
observation site is nine point five meters.
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The measurement items are wave pressure for the caisson and each member, the
vibration of the caisson and the stresses in the members. The deployment of the
measurement transducers is shown in this figure. Eight wave pressure transducers are
installed on the surface of the caisson, thirty-three reinforced bar gages are installed
in the members, three velocity meters are installed on the top of the breakwater to
record the vibration properties of the caisson.

Several records have been obtained since 1980, however, the maximum wave
height at each record is smaller than the design wave height. Its values are almost
three to four meters. This figure shows the examples of the obtained records. The
measurement is carried out during ten minutes and sampling interval of record is zero
point two seconds to zero point eight seconds. In this case, impact wave force and
stress are not observed because the breaking of waves have not occured in the
members in the chamber.

This figure shows stress interval and wave pressure. This figure shows maximum
wave height and displacement. This figure shows the wave record and displacement
record. This was the last figure.

The main conclusions of my research are as follows.

First, mechanical properties of the arc shaped members such as collapse
process, ultimate strength, and crack formation depend on the loading direction
according to loading tests.

Second, the finite element model mentioned in my presentation concerning the
nonlinearities of materials and plastic hinge explains the results of the loading test as
to the arc shaped members.

Third, field observation of the arc shaped slit caisson is offshore and confirms
the efficiency of the caisson.

Further research works are now planned to know the particular test of the
member, to know the degradation strengths of concrete in water. The values of the
concrete strengths is ten to twenty thousand, weaker than in the air, and to develop
the maintenance system and repairment system.
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DYNAMIC STRESS &NALYSIS OF CONCRETE ARMOR UNITS

Joseph W. Tedescol and William G. McDougal
2

ABSTRACT

Concrete armor units are commonly employed for the protection of shore-

lines and rubble structures. Their design is primarily based on hydrodynamic

stability. However, their structural response to wave loading is poorly

understood. In this study, a simple model is presented to estimate impact

loads due to wave slamming on the concrete armor unit, dolos. A nonlinear

dynamic analysis indicates that the units will experience a structural failure

at hydrodynamically stable wave conditions.

1. INTRODUCTION

It is surprising that 40- or 50-ton concrete armor unit structures are

frequently constructed without reinforcements. This is particularly true when

the structures are long and slender and are subjected to a variety of static

and dynamic loads. The design and selection of units appears to have been

motivated by hydraulic stability rather than structural integrity. This

situation may be historical, in that, for the simple units or quarry stone, a

structural analysis may not be necessary because these types of units will

experience a hydraulic fialure before a structural failure. Unfortunately,

this may not be true for the more recent, novel-shaped units which exhibit

high stability coefficients, often at the expense of structural integrity.

iDepartment of Civil Engineering, Auburn University, Auburn, AL 36849, USA
2Department of Civil Engineering, Oregon State University, Corvallis, OR
97331, USA
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This condition is amplified by the fact that current design practices are

allowing relatively large movements of the individual armor units. We have

now come to the point where the structural stability of the armor units is a

significant aspect of the design consideration.

The following comment has been made several times at this workshop, "If

you can tell a structural engineer what the loads are, he or she can determine

the structural integrity of the armor unit." That statement may be fairly

accurate. The difficulty is quantifying the loads on the units. This is

demonstrated by the diversity of approaches that the attendees of this

workshop have employed to examine the problem. It helps to put some perspec-

tive to those different approaches by trying to categorize them by their

methodology.

The first type of approach is referred to as bench tests. Examples

include roll-over tests, drop tests, and pendulum tests. This approach in-

cludes everything from the small epoxy models, which were examined by Hall, et

al., (1985) to Burcharth's (1981) intermediate size units, all the way up to

prototype testing of large units out on the casting site. This is a useful

line of research to pursue and is a worthwhile contribution to our understand-

ing of the problem.

The second category we refer to as wave tests. Several examples of this

approach have been presented at this workshop such as the epoxy models

examined in Canada (Hall, et al., 1985). In these models, strains or dis-

placements were monitored while the units were exposed to waves. The scale of

this approach extends all the way up to the proposed prototype work at

Crescent City. Again, this approach is a necessary component in the overall

research program.
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A third category we have termed wave-induced forces. An example of this

approach was given by Galvin and Alexander (1981) in which an effort was made
' .

to estimate wave forces. It has been suggested in several presentations at

this workshop that wave forces in themselves are probably not the critical

load. The critical loads may be due to the motion of the structures rocking,

banging together, or the projectile effect of broken armor units. However,

all of those rigid body motions are wave-induced. If we had a better under-

standing of the wave-structure interactions, we could better estimate rigid

body motions. Even though all of these interactions are wave-induced, it is

useful to separate these forces into two categories. The actual hydrodynamic

forces on the units and the unit interaction forces. These will be termed

wave loads and impact loads, respectively.

If the applied wave loads are large, then the dolos may displace as a

rigid body. When the wave force is released, the unit will fall back to its

static equilibrium position. This may lead to the development of large impact

forces between units. The wave load is accumulated over a longer period of

time than the free fall. This accumulated energy is quickly released on

impact over a small area on the unit. This is both a time effect and an area

effect which may lead to the development of very large local stresses. %

One common thread that should run through all of these methodologies is

that they all be associated to some type of structural analysis. To do tests

and not relate them with a structural model, which allows comparison with

other types of tests, is not an optimum use of the test results, particularly

for destructive tests.

A long-term objective of armor unit research should be to identify criti- 
4

cal conditions in terms of quantifiable wave and structure parameters. This
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wll also require an understanding of the modes of failure. Several modes of

breakwater failure have been presented at the workshop. Over a certain range

of wave conditions, it may be hydrodynamic stability that controls the design

of the unit, while over a different range than structural stability may con-

trol. These objectives are also the long-term objectives of this study. How-

ever, the present study is in its infancy and only a very simple model is

developed. The unit that we have selected to examine is the dolos, although

the methodology is not unit specific. This armor unit was selected because it

is representative of units with characteristics that are susceptible to struc-

tural failure; high hydrodynamic stability and long slender members.

In the study reported herein, a very simple model has been developed to

estimate wave forces on a stationary dolos. Next, a nonlinear dynamic

structural analysis is presented for several sizes of armor units. Results

for structural stability are presented for one dolos orientation. These

results are scaled by wave conditions associated with the hydrodynamic

stability problem. This reveals wave conditions over which hydrodynamic or

structural failure controls overall stability.

2. WAVE FORCE MODEL

There have been several efforts to quantify dolos loads as a function of

design conditions. Fang (1982) simultaneously employed Iribarren's equation

and Hudson's formula to estimate the wave force on a dolos. Re determined

that the bending tensile stress is linearly proportional to the wave height

and that an unreinforced dolos would fail at a wave height of 22.4 feet.

Galvin and Alexander (1981) also determined an expression for the wave load.

A breaking wave force was estimated which applied over a portion of the

A.
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dolos. This stress was then concentrated over the points of contact between

units. This effect, termed stress magnification, yields an interesting

result; failure is independent of the dolos size. For 6000 psi concrete, the

structural failure wave height was 20 feet. This result is of the same order

as the Fang (1982) wave height.

In the present study, the stress magnification concept is also em-

ployed. However, the force is estimated from the slamming of the wave onto

the structure. Wave slamming results in an impulse type of load. Kirkgoz

(1982) measured the wave-induced pressure on a vertical wall for breaking

waves. A typical result is shown in Figure 1. The force very quickly rises

to a peak and then more slowly drops off. The magnitude of the peak is a

function of wave conditions but is also dependent upon the elevation with

respect to the still water level.

The dolos problem is, of course, different than waves breaking on a

wall. For units near or above the still water level, it is more a case of a

blunt body penetrating a free surface. A similar situation exists in many

ocean structures with horizontal members near the free surface. As a result,

a small amount of information exists on wave slamming on horizontal members.

It is this body of literature that we are going to draw upon to try to esti-

mate wave forces on dolosse. We will examine a unit with the seaward flukes

horizontal and parallel to the wave crest. A slamming analysis for horizontal

cylinders will be used to estimate the force as the dolos penetrates the free

surface.

Kaplan and Silbert (1976) and Kaplan (1979) have developed models for

both the horizontal and vertical forces due to impact. The models include the

effects of buoyancy, pressure gradients, momentum flux (including added mass),
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and drag. Results are in reasonable agreement with measurements for the

horizontal force but less so for the vertical.

Experimental results suggest that the impact force, F, may be expressed

in a simpler form

F Cpdl U 2
2 2 1

in which p is the fluid density; d is the diameter of the cylinder; 1 is the

length of the cylinder, U is fluid velocity; and C. is a slamming coefficient

(Sarpkaya, 1978). The slamming coefficient is a function of the immersion

depth of the cylinder and, therefore, a function of time. A time-dependent

slamming coefficient has been empirically developed (Campbell and Weynberg,

1980)

5.15 0.55Ut
sUt + 8 (2)

1+ 19 t
d

The maximum value for C at t 0 is 5.15 and this value is appropriate if a

static structural analysis is performed (Sarpkaya and Isaacson, 1981). For

dynamic analyses, a value of 3.2 is suggested. Therefore, Eq. (2) is scaled

accordingly for use in the present dynamic analysis.

The above formulation is, of course, only valid when some portion of the

cylinder is immersed. However, when the cylinder is totally immersed, the

formulation is inappropriate. Experimental results of Sarpkaya (1978) indi-

cate that this formulation is only valid up to the point where the top of the

cylinder is just below the free surface. Therefore, at this depth (when the

slamming coefficient is at minimum) the forces are assumed to no longer be

impact dominated and a drag formulation is adopted.

,I U 2

F -C PSdl U (3)
2 D
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in which S is the fraction of the cylinder which is immersed and CD is a drag

coefficient. It is noted in Eq. (2) that the minimum value for the scaled

slamming coeffient is approximately 0.5. This is of the same order as the

drag coefficient for a smooth cylinder. Therefore, for purposes of calcu-

lation, this minimum value of C. is used for CD . Several representative time

histories of force are shown in Figure 2. For a given wave and cylinder size,

the duration of the force is a function of the position of the cylinder rela-

tive to the still water level. The peak impact force is not a function of

elevation because the horizontal velocity is assumed to be constant. The

tailing off of the force depends upon the ratio of the cylinder diameter to

the wave height.

3. TEST CASES

N.

A technique for estimating the hydraulically stable stone weight as a

function of the wave conditions was presented by Iribarren (1938). There have

been a number of modifications made to the original relationship. The version
given in the Shore Protection Manual (1984) and most widely used in the USA is

Hudson's formula (Uudscn, 1953, 1959)

'r (4) .--i.,&K D  (yr/yw7-l) 3  cot(a)

in which W is the weight of an individual stone or armor unit; H is the wave

height ut the structure; yr is the weight density of the armor unit; y is the

weight density of the fluid; a is the slope of the structural forces; andKD

is an empirical stability coefficient. This coefficient is to account for a

variety of influences not explicitly included in the formula, such as wave
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length, water depth, water level, degree of overtopping, location of unit, and

so forth.

Three different sizes of dolosses are examined. These are summarized in

Table 1. Also tabulated are the maximum stable wave heights calculated from

Eq. (4) for each dolos, assuming a structural slope of lV:2.5H. The wave

periods are determined from the Iribarren number, g, defined as

- tan a/(H/Lo )1/2 (5)
0

in which L. is the deep water wave length. It has been observed that a

"resonance condition" develops for g a 2.5. This resonance occurs when the

wave breaks on the structure when the down rush is at its lowest point (Bruun

and Bunbak, 1977). Since this condition corresponds to a critical condition

in terms of hydraulit stability, waqe periods are scaled by this value. This

value is denoted as TV.

Table 1. Three dolosse examined.

Small Medium Large

W (tons) 16.71 32.43 44.57

d (ft) 2.86 3.60 3.98

1 (ft) 11.02 13.89 15.29

Yr (pcf) 156 156 156

Hi (ft) 24.1 30.1 33.4

Tt (sec) 10.85 12.11 12.77

The wave heights are scaled by the maximum stable wave height for the

dolos unit, N , as determined by Hudson's formula. Results are only presented

for the case in which the depth is equal to the breaking depth as given by
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hR -H/I (6)

in which hB is the breaking depth and K is a breaking index approximately

given as 0.78.

The actual loads experienced by a dolos unit are a function of the wave

conditions, dolos location on the structure, and dolos-dolos interactions.

These complex conditions are poorly understood. Therefore, in the present

study, simplified conditions are assumed.

The case under consideration is depicted in Figure 3. The dolos unit

being investigated is positioned among other units so it is supported at the

tips of its flukes which are vertical and perpendicular to the wave crest.

The wave impact forces are applied to the remaining flukes which are horizon-

tal and parallel to the wave crest. No rigid body motion of the units is

permitted in the analysis* This configuration was selected because it was

perceived to be conducive to the development of large bending moments in the

vertical flukes. Rowever, it should not be assumed that this configuration

represents the worst case. The self weight of the unit, which in certain

circumstances can induce tensile stresses in the flukes in excess of 30% of

the maximum allowable stress (Baird, 1981), was not included in the analysis.

4. ANALYSIS

Due to the complex geometry of the dolos, the dynamic nature of the wave

loading, and the highly nonlinear material behavior of concrete, the finite

element method of analysis (FEM) is employed in this study through implementa-

tion of the (ADINA, 1981) computer programs. An isometric view of the FEM

model, representing one-half of the dolos sectioned through the mid-depth of

the shank, is presented in Figure 4. The model is comprised entirely of
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Figure 3. Loading Configuration: (a) plan; (b) profile.
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three-dimensional, 21-node isoparametric elements (ADINA System Verification

Manual, 1983).

Concrete structures exhibit a complex response with various important

nonlinearities such as a nonlinear stress-strain behavior, and tensile-

cracking and material-crushing failure. For this reason, linear analysis of

concrete structures is generally considered inadequate in many engineering

problems. The material model selected for use in this study is a hypoelastic

model based on a uniaxial stress-strain relation that is generalized to take

biaxial and triaxial stress conditions into account (Bathe and Ramaswamy,

1979). The model employs three basic features to describe the material

behavior; (i) a nonlinear stress-strain relation including strain softening

to allow for weakening of the material under increasing compressive stresses;

(ii) a failure envelope that defines cracking in tension and crushing in

compression; and (iii) a strategy to model post-cracking and crushing behavior

of the material.

Because of the complexity of the material description used for the FEM

model, an appropriate strategy for solving the nonlinear finite element equa-

tions was selected, specifically, the Newton-Raphson iteration scheme. In the

Newton-Raphson formulation, the equilibrium conditions at time t + At are

satisfied by successive approximation of the form (Meyer and Bathe, 1982)

K Kt - 1 AU' - R - Fi - I  (7)

in which K is the tangent stiffness matrix at the iteration i - 1 and timei-

t + At; AU i is the ith correction to the current displacement vector; R is the

externally applied load vector; F I-1 is the force vector that corresponds to

the current element stresses. The displacement increment correction is used

to obtain the next displacement approximation (Bathe, 1981)
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Ui - Ui-,I + AuJ'*

Equations (7) and (8) constitute the Newton-Raphson solution of the equilibri-

um equations and subjected to the initial conditions K(t + At)* - K(t),

F(t + At) - F(t), and U(t + At)* - U(t). The iteration continues until

appropriate convergence criteria are satisfied.

In nonlinear dynamic analysis, the solution of the governing differential

equations is obtaine4 by direct integration procedures. Of utmost concern in K

the selection of an appropriate time integration scheme is stability of the

solution technique and accuracy of the analysis. In this study, the Newmark-

Beta method of implicit time integration was selected because it is uncondi-

tionally stable, regardless of the time step.

The dynamic equilibrium equations for the structure are written as

HU(t) + C(t) + KU(t) - R(t) (9)

when M, C, K are the mass, damping, and stiffness matrices; R is the external

load vector; and U, U, and U are the displacement, velocity, and acceleration

vectors of the finite element assemblage. In an implicit time integration

scheme, equilibrium of the system (Eq. (9)) is considered at time t + At to

obtain the solution at time t + At. In nonlinear analysis, this requires that

an iteration be performed. Using the Newton-Raphson iteration, the governing

equilibrium equations (neglecting the effects of a damping matrix) are:

M U + A - t+At _ t+AtFi-l (10)

t+&t i .t+At 1-1 1 U , (1)!

U - U + AU.
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In the Newmark-Beta time integration scheme, the following assumptions are

employed:

tU)tU W tU + . (t + (12)

t+At a o+at to. t+At;
.t + U (t+ U+U). (13)

Using the relations in Eqs. (10) to (13) results in

t+Atli 4 t+At i-1 t 4i  t to
U U - U+AU -j tU- U (14)

At,

.and substituting into Eq. (10) yields

t i t+At - t+AtFi-1 - (L (t+Atui-i tu) -t t ,

where

t^, t 4

At2

The selection of an appropriate time step, At, is very important to the

accuracy of analysis. Since the time integration scheme employed is implicit,

its stability is unaffected by the size of the time step. In an implicit,

unconditionally stable time integration scheme, At should be small enough that

the response in all modes, which significantly contribute to the total struc-

tural response, is calculated accurately. The other modal response components

are not evaluated accurately, but the errors are unimportant because the

response measured in those components is negligible. For the case under

investigation, the major dynamic response is associated with the primary

flexural mode of the fluke (see Figure 5). The period of vibration for this

mode, for the linear case, was calculated to be 0.005 so Therefore, a time

step of 0.001 s was selected for use in the time integration scheme.
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Figure 5. Fluke deflections.
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5. RESULTS OF ANALYSIS

The FEM analysis was conducted for three different sizes of dolosse (see

Table i). The analyses were performed for concrete compressive strengths,

f of 5000 psi and 4000 psi for each model. The dolosse were assumed to be

unreinforced, and the tensile strength of the concrete was assumed to be equal.

to the split cylinder strength, fct, of the concrete (where f - 6.7 f').
ct c

The pertinent material properties and stress limits are summarized in Table 2.

The failure criterion for the dolosse was defined as first cracking in

the concrete. This stringent criterion was selected because of the repeti-

tious nature of the wave loading. Once the structure has cracked, the effec-

tive section capable of resisting the cyclic wave forces is reduced, and

complete destruction of the dolos is imminent. In all cases, first cracking

developed at the juncture of the fluke and shank. A typical crack is shown in

Figure 6. At this section in the dolos, high tensile stresses were induced by

bending action in the fluke.

The results of the analyses for maximum tensile and compressive stresses

at first cracking are summarized in Tables 3 and 4, for fc' - 5000 psi and

f, - 4000 psi, respectively. These results indicate that at failure, the

compressive stresses in the dolosse are just a fraction (approximately 11%) of

the concrete compressive stress, fV.

The failure of the dolosse depends on the maximum slamming load. This

load, in the present analysis, is only a function of the wave conditions for a

specific dolos unit. This load is calculated as discussed above and regions

of structural stability are identified as a function of the wave conditions.

These results are shown in Figures 7, 8, and 9 for the three dolos sizes

examined. Stable and failure regions are identified for 4000 psi and 5000 psi
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Table 2. Concrete properties.

Concrete Material Parameters Compressive Strength

f, - 5000 psi f - 4000 psi

Density .2246 x I0- 3 lbf-s/in 4  .2246 lbf.s/in 
4

Initial tangent modulus 5580 ksi 5170 ksi

Poisson's ratio 0.2 0.2

Uniaxial cut-off tensile 474 psi 424 psi
strength

Uniaxia maximum compressive 5000 psi 4000 psi
stress (f')

Compressive strain at f, .002 in/in .002 in/in

Uniaxial ultimate compressive 3250 psi 3250 psi Q,

stress

Uniaxial ultimate compressive .003 in/in .003 in/in
strain

Table 3. Summary of stress analyses, fV 5000 psi

Maximam Tensile Maximum Compressive
Dolos Size Stress at Failure Stress at Failure Failure

(Tons) (psi) (psi) Load (kips)

16.71 474 581 141.8

32.43 474 563 222.2

44.57 474 564 269.5 -,

,,

Table 4. Summary of stress analyses, f' 4000 psi

Maximum Tensile Maximum Compressive
Dolos Size Stress at Failure Stress at Failure Failure ;A

(Tons) (psi) (psi) Load (kips)

16.71 424 549 116.4

32.43 424 547 184.6

44.57 424 546 224.0

307

A..



/ 4J1

€,,'

o

.4.

,, II I
-h

I. I

% ,
4 4 308



t.5

STABLE FAILURE

1.5

fc (si

400

~~5000--

~0.5

0.5 1.0 1.5

H/HH

Figure 7. Failure envelope for 44.57 ton dolos unit.
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concrete. For the large dolos unit (44.57 t) structural failure would occur

for the 4000 psi concrete at wave conditions for which the unit is hydro-

dynamically stable. The higher strength concrete unit is very near failure at

these wave conditions. As the size of the dolos decreases, the structural

stability increases relative to the hydrodynamic stability.
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DISCUSSION OF "NONLINEAR F.E.M. ANALYSIS OF CONCRETE ARMOR UNITS"

DR. W.E. McDOUGAL AND DR. JOSEPH TEDESCO

MR. LILLEVANG:

Do you have in mind trying this thing with the impact loads coming out the
horizontal fluke from the other side?

OR. TEDESCO:

Yes. Again, I think one of the problems is defining what is the critical
condition.

MR. LILLEVANG:

Yes. The photoelastic stuff I was talking about suggests that you get far
greater stresses. The moment arm may be less but the concentration at what I refer to
as the notch generates things tremendously.

DR. TEDESCO:

We have the methodology to do it, so it doesn't matter. Again, it's identifying
these things.

MR. LILLEVANG:

Well, it could be useful, I think, and I've made no argument that the
photoelastic analyses are definitive answers. They're not. They're reconnaissance.

Photoelastic analyses treated as a reconnaisance tool, it's useful to have a look
at them and see what they suggest.

The other thing is a philosophical comment. I agree with you that you can do all
kinds of things here in order to get this thing to be a surviving structure, but I
referred earlier to the question, specifically to sites, specifically to breakwater, of the
implications of a broken armor piece. Dolos, rock, tribar, tetrapod, you name it, any of
them needs to be looked at in an engineering economics viewpoint as to whether the
cost of saving it is worth the expense of replacement or an implication of mortal
damage to the breakwater as a whole. It is a pimple that needs to be squeezed and
gotten rid of. It's very important that we not forget the economics. If we do, we're
not engineers.

DR. TEDESCO:

I agree.

DR. WALTON:

Did you look at the differences that you get with your nonlinear analysis as
compared to linear?
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DR. TEDESCO:

Let me say this. You look at these stresses I've shown here. You're talking
about a tensile stress of 424 psi, a compressive stress of 550 psi, so for all essential
purposes, this is linear behavior. Because you're only a tenth of the way up the
compression curve. So obviously, if you put reinforcement in it, the behavior becomes
more and more nonlinear.

What I would say is that if I took that broken unit and then continued passing
waves against it, what would happen is that I would have a larger and larger cracking
of the section; however, I would have greater compressive stress. Then the behavior
becomes nonlinear until the time it fractured.

DR. WALTON:

The second question is not quite so related to your presentation, but maybe
you've thought about it. It seems to me that post-tensioning might be less expensive
than conventional reinforcing. Have you given any thought to--

DR. TEDESCO:

That was my first impression. First of all, in terms of labor, you wouldn't have
to construct the cages that Professor Zwamborn showed first. All you'd have to do is,
when you cast the unit, put that tendon in it. Not the tendon but just a conduit, and
then, when it hardens, you take the forms off, you shove the conduit through it, and
that's all you need.

You can get amazing forces from some of these handjacks that you can bring to
the field, and the labor cost would be drastically reduced from having to form that
cage as far as material goes, as well as just post-tensioning that thing.

MR. LILLEVANG:

If I were taking responsibility for the design, I'd be real nervous about the
survivability versus quality control.

DR. LIGTERINGEN:

Yes.

MR. LILLEVANG:

Terribly nervous about it.

DR. TEDESCO:

I don't think you'd have any more problem potential with the survivability with
prestressing them than you would have with conventionally reinforcing them.

DR. ZWAMBORN:

I would just tie into economics. in the case of Sines, we looked at the
possibility of prestressing the 40-ton dolosse. And I know very little about prestressing.
We had some experts looking at this. If you just make the design, you take the cross
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sectional area of the dolos shank, multiply that by tensile strength of three or four or
five, you get about 800 tons. Now, if I understand correctly, if you prestress the whole
thing, you have to overcome that before you can reduce or eliminate the cracking.

DR. TEDESCO:

There are various degrees of prestressing. There is full prestressing and various
degrees of partial prestressing. So you can determine just where you want to be.

DR. ZWAMBORN: _

I would suggest to you that you look at the possibility of prestressing the sides
rather than putting it in the center. Try and keep it nearer the outside, rather,
because that's where the cracks occur.

DR. TEDESCO:

Whatever creates the best prestress field is the way you want to do it. I would
say the simplest way would be to put one tendon through the center.

DR. ZWAMBORN:

I think you need to have a big tendon. It gives you effect on the side.

MR. NORMAN:

I think there's a few things that ought to be brought out when you're doing
nonlinear analysis of concrete. I'm a firm believer in nonlinear analysis, but of course
there's a wide variation of opinion of different types of material models for concrete.

You have chosen one of the Adena, which just shows strain softening, I believe,
and there are some problems in terms of material stability with that model. You can
pick some types of loading that will cause you to get fictitious answers, and not that
that isn't possible. ),v

Are you working impact type problems?

DR. TEDESCO:

Y es.

MR. NORMAN:

The tests have indicated significant rate effects for concrete material.

DR. TEDESCO:

Tensile strength, yes.

MR. NORMAN:

The bad part about that is nobody agrees on what the rate effects are and how
to implement these.
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DR. TEDESCO:

Yes.

MR. NORMAN:

If you do use a rate-dependent model, you can get away from the material
stability problems. Again, there's a lot of discussion on that. Just as bad, and probably
worse, is the cracking, the implementation of your cracking, whether it's the smeared
cracking approach or if you actually try to do fracture mechanics. There's the question
whether fracture mechanics is applicable. I want to point out that all of these things
are very difficult to take any one or another on cracking. I don't know what in the
Adena you're doing with cracking. Do you monitor opening and closing in cracking?

DR. TEDESCO:

Yes, the program monitors itself. It'll monitor the opening of the cracking. It
works on the principle that once there is a crack, you no longer have a tension
capacity in that.

MR. NORMAN:

Does it have a shear retention?

DR. TEDESCO:

Yes, it does. Under compression.

MR. NORMAN:

Does that shear retention change as cracks open and close?

DR. TEDESCO:

Yes, it does.



FINITE-ELEMENT ANALYSIS OF A DOLOS

Robert A. Cole and Robert E. Walker

Background

In support of the Prototype Dolos Measurement Program being conducted by

the Coastal Engineering Research Center (CERC), the Structural Mechanics

Division of the Structures Laboratory (SMD/SL), was tasked to perform research

on the structural response of concrete dolosse. To this date, the SMD has

conducted analytical and experimental work concerning the dynamic structural

response of dolosse. This work supports the prototype measurement study at

Crescent City, CA.

Analysis

Structural analysis can be thought of as illustrated in Figure 1. The

system of transfer functions C(s) can be a simple single-degree-of-freedom

(SDOF) representation or a complex approximation of the total multiple-degree-

of-freedom (MDOF) system. The method selected to solve the system equations

can be linear or nonlinear. Associated with this model are boundary

conditions; i.e., how, where, and in what manner the structure is

constrained. These constraints can range from a simply supported condition to

a fully fixed condition and even involve a time varying boundary condition.

The inputs to this model R(a) are the prescribed static loads, load-time

histories, or initial conditions. The outputs from this model Y(s) are the

stresses which have to be related to the material deformation properties and

the failure law for the critical area being affected. If design information

is wanted, the stress distribution throughout the structure has to be in a

format suitable for the designer. Generally, the designer is fortunate that

the loads and number of boundary cases are usually less than a dozen. This is

the situation in a deterministic design.

Unfortunately, the dolos analysis problem does not present itself as a

deterministic problem. The dolos, as it is used in a breakwater, has . whole

range of orientations, a large number of support conditions, and is subjected

to forces that are deterministically unknown. One problem is that the worst

case may not be the case that occurs very often, and a probabilistic way of

determining the likelihood of a case occurring is needed.

.ZX

319



0

All computations were performed using the WES/SAPV finite-element

computer code. A detailed finite-element grid was developed with brick

elements. When it was realized that the detailed grid was rather extensive

(i.e., it required excessive computer resources and generated large volumes of 0

data), a simpler beam-element grid was constructed. This simpler model is to

be used to investigate many simulations of boundary conditions, etc., and

build a probabilistic data base.

Brick-Element Grid

The first finite-element model was a very-detailed representation of the

dolos structure. The structure is simplistic in one sense; but because of the

octagon cross section, the detail of the chamfers, and the right angle

members, the dolos presented quite a number of difficulties in the ',

construction of the model. The model has 1513 nodes and 936 8- to 21-node

brick elements for a total of 4,503 degrees of freedom (DOF). The finite-

element grid is shown in Figure 2. The calibration computation consisted of: X

(1) considering the work done by Lillevang, (2) the static test done by Terao

et al., and (3) the drop tests done by Burcharth. These test data compared

favorably with that of the brick-element computation. These results are
summarized in Figures 3 and 4. :

Beam Element Grid

The computations using the brick-element grid proved to be a major

analysis effort in postdata presentation due to the volume of output. It was 0

soon realized that to conduct parametric studies, it would be useful to have a e

simpler grid; hence, the beam-element grid was formulated. The finite-element

grid is shown in Figure 5. Because of the nature of the beam element, a beam

element grid generator code was constructed. This code allows the users to

create various grids at will.

The advantage of the beam-element grid, other than its simplicity, is
that the outputs for a dynamic simulation are moments, thrusts, shears, and

torques; the required information that a designer would need. The code to

process the outputs from a beam-element dynamic analysis condenses the data to

find the maximum envelopes of moment, thrust, torque, and shear for the fluke

and shank of the dolos.
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The beam grid was calibrated using the drop test of Reference 3 and the

same initial conditions given in Figure 5. A summary of the computations in

the form of the stress distribution at the shank-fluke intersection is shown

in Figure 6. These maximum principal stresses will be used to assess elastic

cracking and failure of the dolos.

Conclusion;

In summary, two finite-element models of a doos have been constructed

and calibrated for dynamic impact and static forces. A modal analysis of a

42-ton dolos has been performed, and the resulting frequencies will be used to wi

establish instrumentation recording requirements. Further calibration

calculations will be performed in the future to refine the dynamic properties

of the finite-element models.
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DISCUSSION OF "STRUCTURAL ASPECTS OF DOLOS-AN F.E.M. APPROACH"

MR. BOB COLE

MR. SCOTT:

You mentioned doing static test calibration with the prototype.

MR. COLE:

I have done some calibration of the FE model with static tests that have
already been done.

MR. SCOTT:

Okay.

MR. COLE:

We would like to calibrate the prototype although being a very fragile unit,
that size, I don't know how much we'd want to put it at risk.

MR. SCOTT:

I was wondering, if you're planning to do some calibration tests, perhaps taking
the prototype unit, lifting it up slightly and--

MR. COLE:

Well, certainly, when we go to move them, I know we have the instrumentation
on it that will be a calibration. When you go to move the dolos in a sling, that is a
calibration recording its output when it's suspended in a sling. Its own weight would be
a calibration.

MR. SCOTT:

Yes, but, to some sense, I think you could obtain some of this data. Because,
taking a prototype unit and just performing a small drop test on it, just not to the
point where the unit's damaged, would be useful calibrating the model. It would also be
useful for evaluating instrumentation on it.

MR. COLE:

I would like to take one and do some sort of fundamental static test where we
can actually put a load on the shank and on the fluke and one at the shank to actually
measure those loads and moments and torque.

MR. HOWELL:

I think we're going to try to do that. What we had planned to do is instrument
30 dolosse of which we hope to have 20 and use them. Assuming that we get more than
20, whatever more than 20 we have, we can devote--
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UNIDENTIFIED VOICE:

So, to answer your question, we realize the value of that, but it's a matter of
your bullets again.

MR. MAGOON:

for Could I ask a question? I understand WES has some sort of geotechnical model

for movement of blocks in a quarry or something like that. Would it be possible to take
that model--the question of the orientation of the blocks now and how many
combinations do you have, can you modify the geotechnic block quarry model, whatever
that's called, to use a simple block like this and then get the possible combinations,
given some boundary condition of slope and layers and what not?

DR. WALTON:

I'm only familiar with the two-dimensional model of that at the WES. If there is

a three, I'm not aware of it right at this moment.

MR. MAGOON:

I saw a proposal from a Dames and Moore. Was that only a two-dimensional or
was that--

DR. WALTON:

That was two-dimensional. We have the early work here and then it was kind of
a geotech model we have used with some of our weapons work. It is a two-dimensional
model.

MR. MAGOON:

Could that be modified? If that could be modified in a very simple way just for
blocks, you would be able to then answer the question of the orientation of the
percent of loadings in any one type of scheme. Then you could answer the first part of
this question.

MR. COLE:

We've talked about it in generalities, and we'd like to have that. If anybody's
done any very tedious work, just somebody's taken a photograph of a bed and saying
okay, here's a dolosse and here's the way I see it lying in the bed, supported like so,
with another dolos on top, like so, and then you go dolos by dolos and get a summary
of orientations and conditions and get a statistical basis to say, okay, now this occurs
so much of the time. Like even a dynamic situation, too, there are conditions which
are just mirror images of the other. So once you have a particular pattern, you go look
at another one, you realize that it's just a mirror image of the other because you can
just flip it around. Hey, that's what I just looked at a moment ago.

If we had that statistical base of those summaries, and this beam element model
is, although discrete, not as awesome as that other one. I mean, not only is my argon
(phonetic) value extraction three or four hours on our machine here at WES, to do a
modal survey of five minutes at the most, but I need a hundred eighty core of the
computer because it needs a lot of memory. Then you have to process all the data
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afterwards. Every single six components per element, convert that to some sort of
material, to principal stress, and then extract moments and shears and torques out
because that's what I think you really want ultimately.

Now, the beam element model, I can run the whole thing in the middle of the
day. It costs about $25. I can run a whole bunch of those and build up a statistical
basis of--

MR. HOWELL:

I might comment that this, looking at how they're supported statistically, is not
as unreasonable as it sounds. We were deciding on where to bring our cable out of
instruments and we just went down to D.O.'s lab, and I spent several hours just staring
at piles of dolosse to determine the particular site we were going to bring the cable
out, how to rest it on another dolos a relatively small percentage of the time. The
dolos, even though it does look very random, in piles, it seems to have a relatively
small selection of the ways that it ends up being supported.

DR. DEAN:

The test dolos units will have a cavity to accommodate the instrumentation.
Have you or do you plan to incorporate that cavity into something, a more complex
model, to determine any degradation of the strength? That's one question. Then,
secondly, will that supposed degradation in strength be compensated for by putting in
some reinforcing? It seems to me that that cavity reduces the strength just by--

MR. COLE:

That cavity's going to act like a--It's a steel cylinder. It's going to be more
steel.

MR. NORMAN:

I thought the intent on that was just to measure the forces in the field, and
they are reinforced around that. Didn't we talk about that?

MR. HOWELL:

I think we talked about doing the modal analysis on the instrumented and
uninstrumented dolosse and comparing that.

MR. WALKER:

There's a detail there in actual placement of that block and how we're going to
glue all that in the casting process. That's not detailed sufficiently at this time, but I

*envision that with a rebar in there. That's the other part of the problem. Maybe even
strengthen the section.
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COM MENTS

BY

DR. ROD SOBE Y

I would like to try to synthesize, from a personal viewpoint, what I think
everybody has been talking about for the last day and a half. The topic of the
workshop is measurements and analysis of structural response and the crux of that, I
think, is the analysis of structural response. I would like to concentrate on some
assumptions that perhaps we all agree on.

From a structural engineer's point of view, given the loading, the stress field
can be computed. There's been a number of presentations of finite element model
studies and established technology although, recently, there's quite an amount of
computation involved in that.

The problem then comes back to what is the loading, and that's the real crux of
the question. I think it's reasonably understood, certainly implicit in this meeting, that
loading is essentially stochastic. It's certainly not deterministic.

What I would like to present, very briefly, then, is what I call a stochastic
design methodology for armor units. The solution here appears to be available from the
dynamics of projectiles, and I don't claim any originality from this. At least one person
has beaten me to this by three hundred years. Newton, in about 1650, in the simplicity
of what I'm about to describe, and I'm sure a number of other people, have presented
it or at least thought of it. It's certainly, I think, intuitive.

What I would like to consider then is the motion of a single unit surrounded or
partially surrounded by other units. The dynamics of projectiles, then, which are
described by Newton's Second Law, in the Cartesian sense, there's three force
components, Newton's Second Law of three moment components, so you have six
equations they're describing, three displacement and three rotations.

The problem comes back to describing the force components and the moment
components. Just in terms of whether the total forces in one of these "I" directions are
three. Of course, hydrodynamically there's a drag force. It's a question mark there to
indicate the other hydrodynamic forces. As Bill McDougal said this morning, there's a
first cut, there's a slamming load, there is perhaps an added mass effect. There's a
weight force that's buoyancy force because these units are only partially submerged,
and the last one, the important one, the impact force from interactions with other
units.

That particular problem up here is an initial value problem. In a mathematical
sense, there are six second-order ordered differential equations. It's a relatively simple
matter to solve those given the forces and the moments.

What I would like to present, then, is a schematic of a methodology we could
use from the Newton's Second Law approach. The first thing we need is the
hydrodynamics. That's to be able to predict the wave forces. Thatis not a complicated
problem as we all know, this wave breaking involved. It's, I think, a porous media flow
through the structure itself. It is a definable problem. Given that, we can go on to
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predict the displacements, velocities, accelerations, components which will, of course,
be random. That provides the input into the hydrodynamic loadinG part of the problem.

The next part is the solution with the Newton's Second Law equation, which
will give us displacements, velocities, and accelerations, which gives us the movement
of the dolos units within a particular confinement. If I had some more dolosse, perhaps -

we could envision a single dolos that's surrounded by lots of others. We're looking at
motion of this one dolos surrounded by others. The displacement velocities and
accelerations will predict how it moves. If there is another dolos in the road, there
will be an interaction, and that's indicated here by the collision. That's a relatively
standard problem in dynamics of projectiles. It's perhaps the "billiard ball problem."

Given the collisions, we can represent the impact forces and the impact

moments. From that, we have, then, the complete description of the force field using
any of the structural analysis techniques to get the complete stress field. We get time
histories, then, of the complete forces on the structure, the complete stress field, and
we can go to the probabilities of the occurrence.

If there's no collision, it doesn't move far enough. Of course it just goes back
into Newton's cycle, which is, for example, one that doesn't move far enough to collide
or one that's in the free surface and moves out into the wave field a little.

Just summarizing, I think what Newton's Second Law does provide, and I'm sure
you'll realize, is a rational primer to proceed. It puts in perspective the information le
that we don't know and points out where we need to collect further information. -.0
Specifically, the hydrodynamics, perhaps the impact problems here. It's also almost
identical with the field experiment that Gary has designed. It is the level of the mix of
the individual particles. You can accommodate things like packing density with how
close the surrounding dolosse are. Those surrounding dolosse can also be moving down
so you can accommodate most of the behavior. NN

I think that's about all I'd like to say. I'm rather embarrassed by the simplicity
of it. It's Newton's Second Law, and I'm sure it's what most of you have been thinking
about for some time.
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CLOSING DISCUSSION

DR. WOOD:

At this point I guess I would like to open the floor for discussion of papers from
this morning's presenters. Perhaps we can begin with general comments or remarks on
Mr. Lillevang's presentation.

DR. LIGTERINGEN:

I tend to agree with him that the definition of the wave climate in front of the
particular breakwater which will be instrumented is very important. I have the feeling
that staff gages or single wave height just in front of the breakwater does not give
the appropriate information. You have the incoming and reflecting pattern and although
the reflection coefficient may only be 30 percent, the actual incoming wave height 1.
still confusing. I would like to indicate that we have developed an instrument which
measures the wave height in such a way that incoming and reflected spectra can be
differentiated in between, by measuring two velocities and the wave height. The
technique for it is available and if we can be of any assistance in adding to that single
wave gage, the instrumentation for velocity measurement and analysis, then we will be
most happy.

DR. WOOD:

You're really talking about directional wave gaging, then, at the point--

DR. LIGTERINGEN:

Not directional wave gage. It doesn't give directions, it only makes different
shades between total incoming and total reflected spectra.

MR. LILLEVANG:

Dr. R aichlen used techniques suggested by Professor Goda for separating the
incident from the reflected, and though it was in a three-dimensional model and Goda
was talking back about it in a flume, the characteristics of that site were such that it
worked very well. I think whether or not the Goda technique for separating incident
reflected waves would work well at Crescent City will depend on that site as to
whether or not the reflections are fairly consistent and virtually unidirectional, no
matter what the incident direction may be. Things of that sort are very helpful.

Now, besides the question of saying what the incident wave is, which is
certainly a basic parameter that we need to know something about, tied in with
stresses that are observed, the other aspect of that is -chat, with the reflection, there's
such a translation of volumes of water down the slope of the breakwater during the
recession that stability of armor pieces, particularly at the toe, is, more often than
not, a major jeopardy to the stability of the whole armor zone and could have
something to do with it. You need to know what it is. To what extent any of these
techniques would help with that, I don't know. That problem, not just what was the
incident wave but what are the phenomena that are actually working in a budget of
water that needs to be transferred from somewhere it ran up, where it's got to get
back to the sea again, and its heavy downward flow at the place where the dolosse or
any other armor piece of the toe is most vulnerable, and under the shallow water
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conditions, the shallow toe conditions we've got he e, those bottom dolosse are going
to be where the velocities are maximum during the reflection phenomena.

DR. LIGTERINGEN:

Well, in that respect I agree with Orville when he says that the section with
instrumented dolosse give a very good indication of the actual water movement on the
slope. Just by looking to the time difference between consecutive units being attacked,
you get an idea of the forward speed of propagation upward and downward of the
surging w ave.

DR. ZWAMBORN:

Did I understand correctly that you are going to measure anyhow pressures
underneath the armor?

DR. WOOD:

Yes, that is correct.

DR. ZWAMBORN:

I would like to emphasize that the input wave conditions are most important,
and I believe we can look at the topography later on. I think this is the crux of the
matter. If you don't know that, you're talking about 30 percent difference. That's a big
difference in terms of a third power type of thing.

MR. MAGOON:

I prepared rather extensive comments, which I'll probably hand in instead of
reading, but I just wanted to comment on the complex bathymetry at Crescent City. Of
all of the sites you could have picked, that's one of the more difficult sites, as to
nature, because of the bathymetry. So if in fact that site must be selected and is
selected, I think you should, one, have an excellent bathymetric measurement and,
secondly, be able to put that in a very good hydraulic model, appropriate model, to
relate that to what's going on in the breakwater. So I would feel that perhaps a
sophisticated wave tank facility should be funded along with this to make sense out of
what's gone on. It's going to be a complex problem anyway and I would think that
might give some help in this regard.

DR. WOOD:

Thank you. Let's move then to Dr. Zwamborn's presentation.

DR. GALVIN:

I have some questions concerning the three sites, the Gans Bay, the Richards
Bay and the Koeberg site.

The wave heights weren't clear to me. Were they maximum waves achieved in
deep water offshore or at the site, or could you say something about the waves that
the dolosse actually experienced?
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DR. ZWAMBORN:

The wave heights that I referred to in the talk were all wave heights at the
structure itself. I then converted from the wave rider record to the actual site and--

DR. GALVIN:

So they were individual waves, not--

DR. ZWAMBORN:

You're talking about maximum waves. Of course, the Koeberg case and the Gans
Bay case are both different. On the Koeberg, we had twenty-four cases where we had
that limiting wave height on the breakwater over the period of two years. On the Gans
Bay, I think it was four occasions. In the Richards Bay case and the Gans Bay case, we
used the measured wave heights from the model to convert from the wave rider
position to the breakwater position where we're talking about.

In the Koeberg case, the refraction is very simple. It's a very straight cross
line, straight contours, and there was no refraction. In fact, the wave rider is sitting
just off the inlet basin, in deeper, 23-meter water depths just about right in front of

- .. - the structure.

DR. GALVIN:

After you gave the general details on those methods, you then mentioned what I
think you said was a hundred-year storm in May 1984?

.wI

DR. ZWAMBIPN:

Ye,

DR. GALVIL,

It wasn't ear to me whether that hundred-year storm had been included in the
previous discussion or if it was something that came after that analysis.

DR. ZWAMBORN:

No, it came afterwards, but I did mention the effect of that storm as well.
Again, in the case of both Gans Bay and Koeberg, which are in the Cape area, the
wave heights were, again, the limiting wave heights, six to eight meters. Eight and a
half meters at Gans Bay, and Koeberg, normally, six to seven meters, limited. In this
particular storm, the wave set-up was such and the water level set-up was such that
we could have had way, , up to about eight meters at the peak of the storm.

DR. GALVIN:

That's maximum height?

DR. ZWAMBORN:

Y es.
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DR. GALVIN:

Do we have an information on the compressive strength of the concrete used in
the dolosse for those three sites?

DR. ZWAMBORN:

Richards Bay is in the order of 40 meters, possibly. Koeberg is more. It's 50 to
60. Gans Bay, I don't know. I would have to check on that. It was a recent contract
and very much attention was given to the quality of the concrete, so I think it would
be.

MR. DAVIDSON:

Was the data plot that you presented in generalized data, for breaking
conditions as you did in the prototype or was that developed for basically deep water
waves?

DR. ZWAMBORN:

No, those were the basic test series, what we've done over the years on this.
Well, not particularly breaking waves conditions. So that is why, as I mentioned, these
comparisons are very, very rough. Also, comparing the flume test with the head, Just in

1 .order of magnitude to proceed, we found a direct comparison like what was done at
Gioia Tauro is much more useful. That's where you can draw some direct conclusions
from, which we did, about the comparison. In my case, I just sort of indicated the
orders. These curves are used only as a first feeling.

In presenting the different methods of motion, we tried to get as much
information as possible out of these tests presented, and we know the next step is to
use that. Are you going to use the displacement curve or are you going to use the
displacement properties or are you going to be dropping? We have to find all these
different types.

MR. DAVIDSON:

If that's the best we have, that's a good valuable piece of information. I'd like
to add that to this prototype study of Crescent City. In the past there has been design
for nonbreaking waves, which offshore they don't break, immediately offshore, but as
they come into that structure, due to that old mound in the dolosse section, I think
we're going to have to be careful as to whether we call it breaking or nonbreaking, if
those are the terms. We're going to have to b,; careful how we compare the form of
the wave that goes with these forces.

MR. MAGOON:

I believe that when the severe waves come, they're all breaking considerably
seaward so that only those waves that are sm Ill enough will break directly on the
structure. In the large storms, they break considerably seaward.

I wanted to ask a question about the wave, and I think maybe Mr. Davidson
could answer. As I understand, the design wave that I believe we're still using is in our
design calculations, is that wave which would have been there without the structure in
place. Is that what you test in the model?
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MR. DAVIDSON:

Yes.

MR. MAGOON:

If we're trying to correlate with that, or correlate to our existing type of
analysis, we have to be sure to somehow be able to get that represented value. I

~MR. DAVIDSON:

Right. I would assume so because the 35-foot design wave, as previously used, (I
looked back in my calculations and that's what they gave us), was based on a hind
cast, bringing it in from a deep water point to that structure with a hind cast so no
structure's there. That's the way it usually goes in Hudson's formula.

MR. MAGOON:

I believe it comes from the model here at WES. There was a similar model of
the Crescent City, and at that time some waves were run and the waves we got were
furnished by W ES. Of course, now, perhaps we have a little better refinement of that,
but I think they came from here to start with, on your very early model of Crescent
City.

MR. DAVIDSON:

Along with those decisions, we're measuring the wave without the structure in
place even on those or the model. So that's another consideration as to that
construction.

- ' DR. WOOD:

Any comments?

MR. LILLEVANG:

I guess it's important to point out that what I'm thinking about when I talk
about the incident wave, it's that wave. I hope that everybody is hearing that the way
I'm saying it and that I'm hearing you the way I understand it. The incident wave to
me is the one that would be there if the structure were not there to create
disturbances or reflection or whatever else.

DR. WOOD:
All right.

UNIDENTIFIED SPEAKER:

Did we hear yesterday that there was going to be directional wave? I'm kind of

confused by what I thought I heard yesterday and what I'm hearing today.

DR. WOOD:

Yes.

341

* I



MR. HOWELL:

There is going to be a directional wave gage used. What's not decided is where
it ought to be. There are two philosophies. One is to put the directional gage out in
some moderate deep water site where it could have good bathymetry and then use a
model technique, whether it be physically numerical procedures, to bring the incident
wave into the breakwater. The other possibility would be to place the gage closer to
the breakwater and just accept the fact that the bathymetry there--we know just by
looking at Crescent City that we do not have long crested waves breaking on the
breakwater. The wave energy is low, so I think that's something I would like to see
more specific recommendations rather than just a lot of philosophizing about.

MR. MAGOON:

I believe there are aerial photographs, taken during the largest storm
occurrence that I know of, February 1960, and it shows these very long crested waves.
So there--

MR. HOWELL:

Aerial photos always show long crested waves.

MR. MAGOON:

Well, they're continuous breaking at the structure so there are--

MR. HOWELL:

I think it unfortunate that people went up in airplanes and looked at waves, It
always shows these long crested waves. The guy down there doesn't see the same long
crested waves. I agree with you, but it doesn't necessarily mean that if you're out
standing on a breakwater--

MR. MAGOON:

I don't think there's any question of seeing them. I would like to suggest you
look at the 1960 storm photos which were furnished to the Chief's office, and other
files, and I think you'd be quite convinced if you looked at those.

MR. HOWELL:

I'm not arguing. I'm just saying that if I'm standing out on the breakwater, when
i dodge the waves, it's quite obvious that I wouldn't be able to get out there the times
that I do if they all broke at once.

MR. MAGOON:

It's almost a thousand foot section or something, it's almost continuous over
that length when it's quite large. I think you can see that. I'm not talking about way
inside, but it's a pretty long crested phenomena and it's quite well defined. Of course,
in that case that the wave would start to break in deep water, they'll break
continuously from round rock into shore. So they're really quite a major wave system I
would think.
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MR. HOWELL.

I'm not disagreeing. I'm just saying the aerial photographs can be quite
deceiving.

MR. DAVIDSON:

That's getting into a problem in which I've got concern, and everybody else has
too.

You're saying they're long crested, so we should assume that over that 300 feet
that wave hits all of that structure at once?

MR. MAGOON:

I'm not assuming anything. I'm just saying the wave is observed. It's up to youto interpret how.

MR. DAVIDSON:

Well, that's where Gary got us, and this is what a lot of you brought out. Our
concern, dependng on where this section of instrumented dolosse are, or if they're
simply instrumented, or in two areas, I'm an advocate for knowing what the Wave is in
front of this section and this section if they were separated. With the present
technology, I don't-know if he can get that, because, to start with, they are going to
put a gage offshore and by refraction, you'd bring it in. It is one wave. They're going
to call it one wave at that point. If anybody's got any suggestion of how you get it
over this three hundred feet and segregate it--topography has its effect--we'd like to
know that.

UNIDENTIFIED SPEAKER:

D. D., personally, I'd like to say that, from my point of view, it's very clear to
me that whether you have long crested waves or don't depends on how far the storm is
away. If the storm is a couple thousand miles away, you have long crested waves, and
if you're in a local generating area, you don't. I think it's that simple.

MR. DAVIDSON:

You're going to have both at Crescent City. We can show you the waves where,
as Orville says, they look like they break over the whole thing, and then there's
instances where you'll have concentrated breaking of the wave.

DR. WALTON:

I'd like to make two comments. I think one is, with the directional gage that
you have, it would be good to look at the result, directional resolving power to see
whether you can pick out the crested waves--some better than others, I suppose. I
don't claim to be an expert on that, but I think that would be useful to do.

I think another question is whether you plan to do wave-by-wave analysis, and
then I think this question of whether the waves are long crest J or not becomes very
important. Because, if you intend to do wave-by-wave analysis, and I guess you do from
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what I heard yesterday, then I think you could probably analyze the long crested
conditions better than you can short crested.

DR. WHALIN:

I think, for the discussion, nothing should be assumed about any limitations on
the instrumentation. It's been stated we're going to have one directional wave gage.
Well, we're going to have at least one directional wave gage. Obviously, spending this
much money, we're not going to worry about throwing in an extra two or three gages.

MR. MAGOON:

If I could add to the waves--

DR. WHALIN:

Any suggestions that folks might want to make about numbers of observations or
locations or density of gages or different types of gages would be very much
appreciated.

DR. GALVIN:

0. D., I think you told me that you consider the monochromatic wave condition
--as a conservative -condition oif-anything. If it willstand up on a monochromatic, it will

do all right with spectral waves?

MR. DAVIDSON:

I feel like that's my personal opinion over a range of wave conditions.

DR. GALVIN:

I sort of agree with you, and I think maybe you could apply that to the field
case of whether you need many gages or fewer.

MR. MAGOON:

Yes. I just wanted to add one thing about this wave measurement.

One of the things that was suggested years ago by the SERB Board, I believe it
was Professor Wiegle and Professor Dean, was to place a time lapse camera on top of
the Battery Point Lighthouse and actually, although it looks obliquely into this area
and only works during daylight hours and when it's not raining and so forth, it would
probably be a very inexpensive and fairly simple to do. And it's a fairly small angle. I
think it's only about twenty degrees, but it's a 150 feet high and maybe as high as you
can get it. I don't know how high you'd get there. But I think you could get a rough
picture of what's going on here and at least know whether they were swell that was
coming that day or we had seas or what's what. So I would think it's very simple.

MR. DAVIDSON:

Well, I was interested in size. I'm an advocate of defining the wave form across
the dolosse section, if that's what we're looking at. You heard Gary say that he can
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look at data and determine whether it is static, which is very low time series, or
pulsating, which is a long thing, and impact, which is peaked. Now he's looking at a
record, he's seeing those responses, and he can place them in those categories. What
I'd like to see is also, on the hydraulic end, somebody standing there and say the waves
are breaking and impacting. Because the impact load could be obtained from a surging
action of two units hitting together.

I'm trying to get this into the detail now that goes into defining this wave
along this reach. It may be breaking in one set of instrumented units. It might be sort
of a running up in another set or in another time. So his analysis won't always give us
all I want from the hydraulic end. I just point that out. Do we need to go to that
detail in order to have something in the end?

DR. WALTON:

Just one reinforcement to what Orville said. That is that a camera, I think, has
great qualities in the sense that you can tell whether a wave has broken or not and
where it's broken, and have it in your field of view. You could labor over a wave trace
for a long time and never know whether it's breaking or broken or whatever, but just
one look at it.

DR. McDOUGAL:

I had a comment I was saving for later until we're talking about the experiment.
It was a comment on the field program. I think they should routinely take still
photographs of -each armor unit and show it contacts with its neighbors. The motivation
I was thinking of is you need to know what those boundary conditions are for the
stress analysis. Go out there, take a picture, and that way you don't have to guess.

MR. DAVIDSON:

Use it on the instrumented units.

DR. McDOUGAL:

Yes, and how they interact, where their contact points are.

MR. LILLEVANG:

How about stereo pairing?

DR. McDOUGAL:

That's a possibility. I was going to take it one more. Under the worst
conditions, when they're moving, it's the most difficult time to get out there to take a
picture. But under those circumstances it might be useful to have moving pictures.
Anyway, that just follows along.

MR. LILLEVANG:

There is great value in understanding what's going on if you can put them under
a stereoscope. I find myself, with a split frame thirty--five millimeter camera, taking a
picture of something, stepping over about four feet and taking another, and when I get
back I find greater recall of what I've seen or discover things that I didn't see, and
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stereo is very helpful. You don't need to be precise about how much you lose because

you're not going to take measurements from it.

MR. MAGOON:

I would just like to add that I have seen some of Dr. Endo's facilities. Perhaps
some of you didn't hear the paper in South Africa, but it's actually a very careful and
well done work. It's a number of dynamic tests, very large instrument station,
instrumentation packages, and equipment, and I believe it would be perhaps sharing or
cooperating somehow in doing things. It would be mutually beneficial to the parties
involved.

DR. WOOD:

Dr. Endo, I noticed in your pictures you had some of the miniature dolosse
instrumented. Did you have strain gages? There were wires coming off of it.

DR. ENDO:

That tetrapod. Yes.

DR. WOOD:

md There have been a number of comments about the making of measurements on

models. Could you comment on how you regard your results?

. DR. ENDO:

So, you measure with the instrument to tetrapod the size of approximately fifty
kilograms. We pretty generally study in increment so there are no problems to get the
movement of the rocks. We use the one kilogram models so we will use the same wire
to measure the fifty kilogram tetrapod.

MR. DAVIDSON:

I guess, following that line, though, is the material that you were using the

larger test concrete? The large scale-model units, are they concrete?

K DR. ENDO:

Yes.

* MR. DAVIDSON:

And there will be strain gages on the concrete?

DR. ENDO:

2Yes.

DR. WOOD:

Are there any other comments at this time? That is one of the directions,
certainly, that has been suggested a number of times.
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Are there any other thoughts on the problems of materials for replicating scale k1n

models or instrumentation or such?

MR. MAGOON:

Yes. I'd just like to add that there was some discussion that the use of
instrumented units in the model revealed some problems with the impact of those units,
or the deceleration. It may be, instead of it being a problem, that ought to be a
research effort. Because I think if they're that close, that that's all that's left, that
might be a very good place to perhaps conditionally accept the approach and try to
solve the problem of that deceleration.

DR. da SILVA:

One ought to regard the material behavior. I think there should be emphasis on
what the importance of the repeated loading has on the behavior or fatigue type of
phenomenon because I think we have seen that it has relevance to the strength of the
armor unit.

MR. DAVIDSON:

Within the model material.

DR. WOOD:

It has on the prototype.

DR. da SILVA:

Well, it has on the prototype and, therefore, there should be some way of
taking that into account.

In the matter of the strain gages, I was waiting for Dr. Ligteringen to say
something because we talked about it at noon. I did not know of the problem with
strain gages, and my understanding, from what we discussed, is that the contact time is
important in defining what tlie size of the magnitude of the force or the peak will be.
Once we have very much of a long linear problem, the effect that the stresses
should--the material properties should be reduced by the same scale as the geometry,
and they are not, will create, in my opinion, a local phenomenon that is very much
different from what takes place in reality. At the same time, it distorts, let's say, the
pulse, so what we read from strain gages for the particular single type of load may be

difficult to correlate to the prototype.

I don't know if I said something that is terribly wrong, but that is my
understanding from what I heard.

DR. LIGTERINGEN:

That is correct. In addition to that, I agree with the idea to continue along
these lines. I wasn't intending yesterday to say that we shouldn't do so, only in the
actual practical measurements which we are doing at the moment, where we haven't
come up with the material, say a model concrete material, which reproduces all these
properties and characteristics. We have chosen the line of deceleration because we
have more cooifidence in them. Of course, at the same time, we should continue efforts
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in this field of developing model material which does give a proper prediction of the
collision and the corresponding forces. At that moment, I will have confidencl in strain 1
gages.

UNIDENTIFIED VOICE (Bob):

On that same point, I would like to ask whether we need a model material that
will simulate concrete in those respects. Because it seems to me that if I understand
what I heard this morning about the capabilities in nonlinear finite element modeling,
then perhaps there may be something as simple as a coefficient for impact that could
be applied to model material. That coefficient of impact could be determined by
simulating both the model materials and concrete units to get a coefficient that would
be applicable.

Yesterday you replied that this test with forces which are "large, which I think
is even valuable in itself, but if you can get that transferred, you know, something as
simple as maybe coefficient or maybe depend on the square of the impulse or
something. But if we know the characteristics of the material and can understand those
well enough to finite element model, seems to me there's the hope of doing model tests
with the best material for that and then transferring those results to the prototype.

DR. LIGTERINGEN:

Yes. But, for the time being, we do not have sufficient tools to determine the
. ... actual impact times as they are occurring in the prototype.

UNIDENTIFIED VOICE:

Couldn't that be simulated with knowing what we know about concrete and
nonlinear behavior or--

DR. LIGTERINGEN:

For the time being, apparently .ol. We have been looking into it, but, for
instance, in the case of dolosse, the te.ts which Hans Burcharth did, he could only
correlate the full impact time because he has been measuring it with a structural
characteristic of that particular dolos, by taking into account the factual model, the
mode of vibration of the dolos.

Now, for a cube or for a tetrapod, it would be a completely different
phenomenon and therefore we can't tell, for a specific concrete, for a specific time,
what the actual impact time is in prototype. I think there the first research effort
should be put in because, if we have that, we might come up with the transfer
coefficient or something like that.

UNIDENTIFIED VOICE:

There may be simple bench tests, as Bill McDougal put it this morning, that

would allow you to determine those characteristics. I may be wrong, but isn't the finite
element model a good way to establish this correlation, or is that expecting too much?
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DR. da SILVA:

May I present something in that respect? From what we have seen, I think that
there are still many questions even relating to the actual behavior of those
nonprismatic forms of concrete. There are so many doubts. Some other effects, like

* thermal cracking, which are not so important in dolosse but may be in other units--I
think that placing ;cery great expectations on what can be done with a finite element
model, speaking as myself, because I'm more of an analytical man than implementist,
would not be justified.

We have to work with the tools we have, so it may be we have to do some
approximate guessing that will estimate, with some judgment that we like to think is
good judgment, what has been done. But I don't believe that at this stage we can
really put too much trust on the finite element method to solve such a complicated
problem.

MR. LILLEVANG:

I have a slightly different reason for being interested in the development of
good model concretes. That is that if I approach a definite project and model the
structure I have developed on paper and want to see its behavior, the question has
been raised, more than one time, as to what are the concealed factors that cause my I
thermal setting--plastic model pieces are much, much too strong to respond to the
possibilities of breaking and what that breaking signifies in terms of the continuing life
of the structure, as to whether it is a pimple or a cancer. I think those questions need
answering even if they're viewed as being, to some degree, qualitative. They are,
nevertheless, guides to judgment, and I don't believe that I will be all finished with my
work on the day we can all feed it into something and it comes out and nobody applies

* judgment. The judgment aspect is the thrill and the reward.

So to dispose of this question of whether or not an overly strong model piece
conceals a fatal flaw, I think we need positive answers to that instead of speculative
ones. For that reason, a model armor piece with all the appropriate compliances with
scale, I recited a few this morning and there probably are others--I don't think I
mentioned Poisson's ratio, but all of these things, to find the optimum. It won't be the
"most best" but maybe the "least worst" can be found and, thereby, we can improve the
confidence of our conclusion-drawing as we go on.

Now, if we then find out this is a very important thing to the structure as a
whole, uniquely to that structure and its site, to the approach of waves and how they
are concentrated and how they attack, then we certainly have to have a very close
examination of the things we're talking about, which is the unique characteristic.
Whether that then is done by finite element or by a faithful scale material or whatever
else, I'm going to be amazed and greatful for what those who know how to do these
things can tell me. I will ask the questions before I decide whether or not I go along
with their judgment.

The first item I want to know is if this breakwater is going to survive whether

or not there's been some breakage.

DR. ENDO:

My company has done the full scale dropping test using the proto tetrapod, and
we have done many sizes of tetrapods for the dropping test so that now we have a
conclusion that if we use the large 50 kilogram to get their strength, that scaled, now,
but I try to confirm this to get to the conclusion.
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MR. MAGOON: I
I would be interested in knowing how he compares the information he's acquired

with the stuff that Danel did many years ago and reported.

Are your results consistent with his on drop heights and the critical heights at
which fracture occurs? He said it didn't matter what the size was, if the material was
identical and the geometry was proportionate, that the tribar broke at something like
three meters' drop if it all went onto the same kind of a platform. That was very
interesting. I'm wondering whether or not you say things in your data. Do you?

DR. ENDO: It

(Nodding head)

UNIDENTIFIED VOICE:

W ere you referring to tetrapods or tribars?

MR. LILLEVANG:

Those were tetrapods. -0

DR. LIGTERINGEN:

I think the article written in 1960 was slightly different from the actual results

I got from some. The actual conclusion was that the drop height wasn't different from
the actual weight of the units. But when you see the actual results, you see indeed
some difference on the weight of the unit.

MR. MAGOON:

He never gave a plot showing scattering data.

DR. HEIJDRA:

But gives the actual results of about one meter twenty. The actual results

differ from about thirty centimeters up to one meter twenty. I thought that the larger
ones was for the thirty centimeters and smaller units was for the one meter twenty.

DR. LIGTERINGEN:

Yes.

DR. WOOD:

I think we'll move on to Kiyomiya's presentation, a unique concept in
breakwater design.

DR. GALVIN:

I wonder if he can comment on the total overall force on the unit as far as 0
sliding over the bed. Is that likely to be a problem? -,
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DR. KIYOMIYA:

We have big concern with the sliding problem of the breakwater. We make some
device to stop the sliding. One way is under the breakwater to arrange the small
blocks to stop the movement. Also, any devices proposal?

DR. LIGTERINGEN:

I understand in the model test you have prevented the sliding. So you looked
upon the idealized case where you only had the hydraulic input and analyzed the stress
and strains.

Another matter is whether a structure like that can stand up on a certain
foundation. My question was whether you have looked into that. Because having the
lateral force from a structure like that must be gigantic.

MR. MAGOON:

I believe they investigated that in a different program. There were a number of
programs. If I can remember, this one addressed the structure itself.

DR. KIYOMIY A:

We put some measure in the mount, some kind of measure gaging, but these
measures did not work during the entire observation, so I cannot determine whether
this is a problem.

DR. WOOD:

All right. Comments on Dr. McDougal's and Dr. Tedesco's presentations?

DR. McDOUGAL:

I'd like to start out with one. If anyone is interested in that information, I think
it's going to come out in press in a journal called Computers and Structures this June.

MR. WALKER:

This goes, I guess, with regard to the structures. Did you attempt to use any of
the current data base to calibrate your model, as you envisioned it, for the dynamics
versus any of the drop tests?

DR. McDOUGAL:

No, we didn't do that.

MR. WALKER:

The reason for the question is that, based on the grid size, we, in our linear
analysis, cannot reproduce the focusing of the stresses at the corners. We have some
concern about the magnitudes that we "calibrated to in linear analysis," and so we
were interested in whether you--
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DR. TEDESCO:

Yes, I think that's a good idea to calibrate the numerical model because to run N.
a wave with a finite element analysis like this, you put in the wrong direction, I
wouldn't give you a plugged nickel for it. I mean, I've had enough experience in finite
element models that you have to calibrate your model. It's a function as you go along.

MR. NORMAN:

We were talking earlier about the modeling. Was this part of your presentation?
Did you do some modeling testing?

DR. McDOUGAL:

We did no physical modeling. This was a first-run-through problem.
DR. TEDESCO: -J

Strictly numerical.

DR. McDOUGAL:

Physical modeling is in the back of our minds.

DR. TEDESCO:

We need something to be able to really--we hope this will be testing.

MR. CHIARITO:

I thought it was a good point that was brought out about the utilization of
material. I think it's a good point that point concrete is very weak in tension. One way
to try to utilize the total strength of the material, in a way, is post-tensioning.
Prestressing or post-tensioning is really the same thing in this matter. I think that's
one way to make full use of the concrete if that's the material that is chosen.
Otherwise, you might have to choose a more efficient material.

DR. LIGTERINGEN:

Like what?

MR. CHIA RITO:

That's the question.

MR. LILLEVANG:

Wrought iron never rusts according to the industry.
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MR. CHIARITO:

I think the key concerning material is that materials is not the biggest protlem
but possibly utilizing the full strength, as was proposed. A post-tensioning manner is a
viable solution, I think.

DR. WOOD:

Are there any comments on Bob Cole's presentation?

DR. HEIJDR A:

I think the main point is that it's important that you know the load scheme.
What we want to do in the Netherlands for the second phase of the study for the
concrete strength of armor units is to collect data from the same hydraulic model of
the load acting on several positions and the impulse acting on the unit itself so we
have the information of the load scheme and the impact itself. I think that can give
some information to calculate afterwards what kind of method you have to use, if you
have to use the linear model or maybe you have to use a non-linear model--one like
what you have seen this mr;rning. But, I think it can help that you have a hydraulic
modeling and that you watch by high speed film or by video, at the same time, the
positioning of the load and measure together the impulse acting on the units. That can
give information for calculating afterwards.

MR. CHIARITO:

I have another question that I'd like to propose to Bob, Mr. Lillevang, and
Doctors Tedesco and McDougal

Possibly in a model ense and a prototype sense, you mentioned photoelastic
methods, experimental stress methods, for analyzing maximum value of stresses that
occur. Here is something I propose to you. Does it sound feasible to possibly brittle
coat some prototype units-this would not involve any kind of instrumentation except
the brittle coating itself--and possibly brittle coat some models and run some flume
tests on these to see if there's any comparison? This would give you a measure of
maximum stresses that would occur at some threshold. Granted, the brittle coating is
limited. It would be qualitative in nature, but it still might give some idea what is the
correlation between model type responses and prototype responses.

DR. WOOD:

Re . se?

MR. LI, VANG:

Sounds useful to me. I don't know enough about the materials that are available
and how they'll behave emersed in water or pasted onto plastic or whatever you're
going to use for your model pieces, but if we have the luxury of assuming that that's
no problem at all, then I can't see but what that could be a very inexpensive and
useful device with which, again, to do reconnaissance and begin to look at it and see
what's happening here. We don't really know.
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Photography is fine if you can stay all under water or all above water, but
refraction, if nothing else, messes you up as you try to see what's going on in the area
that you are most interested in. All I can say is blessings on thee, little man. Try it.

DR. ZWAMBORN:

This ties in with what Dr. Heijdra just mentioned.

Whenever the operation has been completed at Crescent City I very strongly
recommend that you do survey the whole structure very, very carefully. I don't know
what you can do under water in this area. It's probably also a problem like it is in so
much of ours. But I think if this photography is perpendicular to the slope there is a
very good possibility. I don't think you only want to monitor that area where you have
your instrumented dolosse. I think you want the whole area, see whether this was

*unique or whether the reaction is average over the whole section.

I think if you use that technique plus the profiling, which is basically based on
WES's own technique, but I think it's very effective straight after construction. We use
it all over the breakwater's bases. You always can come, one or two years afterwards,
and there's always some questions which you can't answer anymore. The reason for
that, of course, is this Sines only happened in 1978, and some of these structures were
built before that.

I think a full monitoring of what is there after construction of this is extremely
important.

*DR. HEIJDRA:

I think in this respect it is worthwhile to mention again that they have
prototype measurements and they hope to do it in 1986. They construct a bridge
perpendicular to the breakwater. The breakwater is water under tke cubes, and they
want to instrument several cubes with accelerometers on the basis of the results of
hydraulic model tests. So I want at first to test in a model at the worst location,
where we actually find the largest accelerations or the largest movements, and locate
there the instrumented units.

I think it's constructive then to see on the bridge, to have the possibility to
instrument several things like the wave height, the water level, They can install there
a camera for taking film or a video. All these kinds of things you can get are in one
section.

I think that's more or less the same comment Professor Burcharth has made,
that you have to concentrate it in a certain area, the instrumentation part. Then you
have, for a certain cross section, all the information. Especially for the situation at
Crescent City is such that you only have for a very small--a two dimensional situation,
you are just near-by the elbow. I think that is quite another phenomenon occurring on
the breakwater and that's just different from what happens in the, say, cross section
that is more or less a two-dimensional situation. For that purpose, it may be
interesting for you to contact the people in Belgium who are performing some
prototyne tests on breakwater that are about the same as what you have here at
Cresce t City. But they also do some efforts in that.
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MR. HOWELL:

That's an interesting idea. What group is that?

DR. HEIJDR A:

The best way to contact them is to call the consultant firm Haecon.

DR. LIGTERINGEN:

It's the breakwater of Shaebourg (phonetic) which will be instrumented in that
way.

DR HEIJDRA:

They have performed model tests before, and what they intend to do is to have
a model that is a prototype on the breakwater that can perform the test immediately,
to see what happens.

DR. WOOD:

I invite general comments. Let me set a bit of a ground rule in that if you
would present a comment allow some response to it to get an exchange around the
group. Would. someone like to start off with a general comment?

DR. GALVIN:

This is not too general. It's somewhat specific. I haven't heard anybody mention
the Manasquan Inlet jetty which is the only east coast U.S. installation of a dolosse
structure that I'm aware of, and Mr. Gabbert (phonetic), at the Philadelphia District,
has made a very nice study using rather simple survey techniques in photogrammetry of
tne movement and placement of those dolosse. I think much of what he's done, of
course, is applicable to what you will be doing at Crescent City.

MR. HOWELL:

That work was sponsored by our group here at WES and there was a paper on it
at the Coastal Engineering Conference in Houston. There also was a WES report on it.

I will mention just briefly we intend to use the same photogram metric type units

at Crescent City. A lot of these suggestions, which I think are excellent suggestions,
are things that we planned to do anyway. I think we have a tendency to focus more on
high tech strain gages and computers. We also intend, as part of this program, to do
the best monitoring job that's ever been done so far during construction of a
breakwater, including all of thoze techniques.

MR. MAGOON:

I1d like to make a comment, and there may be quite a bit of disagreement on
this. In the meeting we've had here, in sections on breakwaters and particularly using
large concrete armor units, I believe that it has not been demonstrated that the
movement of the armor unit is required for breakage of the unit. I think this is a very
important point that for practical design in a long section, just the cumulative loads
near the bottom of the section may be enough, almost, with just the pulsating forces,
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as Burcharth's term, to cause breakage without that. If that's the case, then, in that

particular case, a lot of simple finite assumptions could be used.

DR. WOOD:

Good Point.

DR. DEAN:

I would like to recommend that consideration be given to saving about six or so
of these bullets until after you get experience with the first complement, fourteen or
so, because I think this may justify it on a couple of grounds particularly. One of them
is some reservations that Omar mentioned this morning: if you have cable problems, you
don't want to have them on all twenty. And I can see that also, even if things go
beautifully with the, say, fourteen or so, then you may want to explore other
placement locations or configurations. You may learn something from the first batch,
and you then can more specifically place the remainder.

MR. DAVIDSON:

Professor Burcharth's opinion was we should put them all in one place and more
or less have them nested in, and we want to have in that matrix nesting units. He
didn't seem to think that we needed rocking or anything necessarily. I know that
consolidation and maybe some small rocking will occur anyway, but we don't design
them for that reason. Maybe we do, maybe we don't. But should we purposely put one
or two of the bullets in a position to get those movement forces?

I've argued this point with Gary, and he's instrumentation. He doesn't want to
lose that unit. But I would like to see what the group says, because that would be
valuable information.

DR. LIGTERINGEN:

Even if you place them nested in the matrix you are building, the chance that
one to twenty is moving is about 100%. So I wouldn't worry about any--

MR. DAVIDSON:

I'm talking about obvious movement, something we can see on camera. I want to
see it flip-flop.

DR. LIGTERINGEN:

That is a technique we have applied to the model where we just have the
hydraulic without instrument units and looked to which units were really in unbalance
and replaced those with the instrumented ones. Of course in the model that is much
easier than prototype, but I agree. It would be good to have indicated one of which
you are sure and of which you know which mode it moves.

MR. DAVIDSON:

Right, that's what I'm getting at. What is the consensus?
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MR. MAGOON-

I would agree that you should certainly have something that you'd get a fairly
large excursion, fairly quickly, on in the experiment so that if in fact it has to sit
there for six months before the major storm comes that the slow movement of the
change, hour in and hour out, hasn't chafed the cable in half so that you can get some
result, as poor as it is, fairly--or as unrepresentative as it might be, fairly quickly.

In response to Davidson's questions, I would like to suggest that you could find
this selection of the pattern of where to put the armor units in a hydraulic model.
We've talked about the techniques in Canada. I would suggest that you just ask them
to come down here and plug in their instumentation in your model and actually try to
determine the question of where the unit should go in the prototype in the hydraulic
model.

If we have any faith in the hydraulic model at all, we ought to be able to tell
where the places to put the unit are better in the model. Just let the model tell us the
answer.

So I would like to suggest that you invite the Canadians to bring their
instruments down. You might have a little interface problem, but I'm sure technicians
could figure that out. Stick the dolos in your model here, certainly drum up something
with the right scale, plug it in, and see what motions you get. You ought to be able to
get a good answer yourself, I think better than we could guesstimate, without using the

...analog model.

DR. LIGTERINGEN:

What instrumentation are you talking about now?

MR. MAGOON:

I'm talking about using the simple instrumentation that the Canadians, Baird
(phonetic) and Turcke (phonetic), and these folks--are using. Taking those instrumented
model dolosse and simply running them in an appropriate model of Crescent City and
trying to determine, instead of just all of us guessing in our mind where to put them,
put them in the model as best they can in arrangement and let the model tell us the
answer to that.

MR. HOWELL:

What is better? That is something I haven't heard yet. What is it? What are we
looking for? What's better? The model's going to tell us something.

DR. LIGTERINGEN:

I don't understand.
MR. HOWELL:

What is better? High stress, low stress?
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DR. HEIJDRA:

I think, first, it's important to know where the movement occurred. I think that
you have two direction on the forces acting on the unit itself. But I think that it's
important to know where you have the largest movements. I think from that point of
view the overlay technique will give you a good idea of in which part of the cross
section above, also below, the water level will have the largest movement.

MR. HOWELL:

Is that the consensus of the workshop? That we should put instrumented units
where we have 'he largest movements? I think we already know that if we have an
instability, that we will have broken units. I guess one of the questions is, if you have
a correctly designed breakwater which is subjected to forces within its design range,
should you or do you get stresses which exceed the limits?

What Burcharth's suggested is that you do not want to put the units where
there is necessarily a lot of movement. He says you should treat the design problem
separate from the structural problem. We don't need to go out to the prototype to
realize that we had the units on the head section. We know that already.

So what is good?

DR. LIGTERINGEN:

In my opinion, what you're looking for is an average picture of what happens in
that breakwater cross section. I agree that it's better to have them in one section
because then you have somewhat higher and somewhat lower. As I set some of them, or
one or two of them, in movement, and some might fail, okay, but that'5 what we're
looking for.

MR. HOWELL:

So you're saying not to try to put them especially in an area where we can
guarantee large movements or potential instability?

DR. LIGTERINGEN:

I would propose you do have an overall picture of what happens even if that
sacrifices one of the instrument units.

Coming back to Orville's suggestion to have it first find out in the model, if
you try to build a model with twenty particular units, and you repeat that twenty
times, you'll find that your matrix is twenty times different. It's no use, I think, to try
this out in the model, because what you view in the model is most certainly not the
same as what you would achieve in the prototype.

DR. WOOD:

Dr. Zwamborn?
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DR. ZWAMBORN:

Yes, I think that was a remark that I wanted to make. I would agree with it
except if the model would represent the entire picture. In other words, if you could
see the difference between the particular concentration area and so on. Your present
model, I don't think, can do that. Only what you can do there is sort of decide that
the central area is probably the best in terms of being away from your boundary
conditions.

Now I've got a big problem with putting one of the dolosse in a position where
it will move around a lot. I would then suggest what Bob Dean (phonetic) had done. Put
one out now and find out whether you've got technical problems. Don't use sixteen. Put
one to use now. Just put it on top of the bin in an un-interlock position and it'll move
as much as you like. I think that would be a very good practice.

But then, when you do your actual test, I think you should place the dolosse any
way you would do it in reality, not make it weak or better, than you do it under the
normal circumstances, because you want to try and find out the statistics. This is why
Hans would like to get them fairly bolstered. I would like to agree with him that you
shouldn't spread them along the breakwater. I think you should have a reasonable6
spread along the face, not all at low water line or something. Have them reasonably x
spread along the face.

But if you would have one outside, it's like a hundred years' storm. You get one
point setting right up; whereas, you're looking for a matrix, the actual stresses in the
dolos which are put in the normal sort of matrix forms which you would do under well
designed structural condition.

So I've got a problem about putting--because it's only the one. That one will
probably break a few others also in the motion. I think you should have a well
constructed use of breakwater if you put the dolos in. But I would go with Bob. I
believe I have some experience with monitoring of prototype with these mooring forces
and I would say put one in as soon as possible and find out what your practical
problems are.

MR. MAGOON:

I would like to respond back that the actual comment I had was if we're trying
to look for some idea of movement in the under layer, its upper layer, whether they
should be at the toe or where they should be, I think the model won't represent
exactly the situation placed, but I would hope that the model could at least tell you
where the extreme conditions were. So it would be my thuught at least you would try
to glean what you could from the model although it's not going to represent the V
individual placements.

I think that maybe you're trying to decide whether to put this way down in the
toe or put it up on the top of the slope. Obviously, I think the model would be good
enough to give you some kind of response like that. So I feel like some testing in the
appropriate model would be very helpful.
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-* DR. WOOD-

I want to ask Mr. Lillevang if he might want to make a comment or two on his
mapping for those of you who would like to get with him and look over some of these
preparations for the map.

- MR. LILLEVANG:

We've been talking about Crescent City, and I think a pertinent point can be
* made here that the published chart of the Diablo Canyon site showed affirmable detail.

This is too sophisticated an instrument for my experience.

We see similar things here. Here's a mound of some kind. Here's something that
is awash at half tide, bare at low water, awash at three-quarters' tide. These are like
a thousand yards, maybe fifteen hundred yards, out from the breakwater.

We've got Steamboat Rock here. We can expect azimuths of waves to come this
way as well as swellings here and here and the others. I don't know what the farther
south azimuth is. I think it was point something like this the other day.

Here's another feature in here. Rocking in here. An eight-fathom depth right
there, something that breaks surface here. Rocks in here. The remnant of the aborted
attempt to get out to Round Rock can be seen here.

This is a contorted terrain situation. Established wisdom currently has been that
if something isn't some proportion of wave length of what's coming in, you ignore it in
terms of effects of waves. Not so. You can take a mock of a very contorted sea floor
like this and propagate waves into it. Whether they're monochromatic spectrum makes
no difference. You see major concentration of effects.

At Diablo Canyon, we had a spot right comparable with here, if that were the
end, and a submerged--or it came awash--rock with a hundred fifty-five thousand cubic
yards of material in it standing on minus seventy. It came up and broke the surface at
low tide. And in the lee of it, where you might expect to see some reduced energy,
we've had the worst problem with constructing. We couldn't go through that area.

ina The effects of things that we have thought of as subtle or merely contributory

in a texture sort of a way can be extremely important.

Now, with that independent mind, when you've got a severe problem of design in
a site where your contours are not regular, it appears to me that it is very important
to spend money on good mapping. I was able to convince my client of that at Diablo
Canyon and I have, along with me, some reduced-scale prints of what we got from the
surveyors. There is a title page that shows the layout. You'll see four sheets indicated
on this title page that were surveyed at twenty feet to the inch for two-foot contour
intervals with a precision that the surveyor was willing to sign them as being the
contours that were within one interval at all places one might want to take a check.

In order to do that on things like the mound rock, he put rod-men out there,
divers in scuba gear, and they routed those things where it was too dangerous to take
a boat or where you fell off a slope too rapidly and they had to do shots. The slopes
were so steep there that at twenty feet to the inch it was hard to draw The two-foot
contours. They were too close together.
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The rest of the map is a hundred feet to the inch original scale except those
parts that we had at twenty which we blew up and fitted into it. We have twenty feet
to the inch stuff of detail of the terrain at the breakwater site itself, we have the
balance reaching a mile away west at a hundred feet to the inch, all of it two-foot
contour intervals.

But you'll 
see a set of sheets there with the subscript "S" 

meaning soundings. 
-

Those show the plotted points that the surveyor wrote on his hard copy from his
sounding charts. He ran his sounding chart at the scale of the map, and he had an
on-board putter that plotted his position constantly as they went. It plotted it to scale
of the map. If his runs were too close or not close enough together to give him
confidence that he could draw contours to the limitations that he had asked that it be
some contract for, then he came back to run it again immediately. There was very
close control on this.

So you'll see the map of the new numerical values of soundings, and that will
indicate to you the spacing between runs. It doesn't indicate the detail that was

available to him along the run. He could have taken them off more frequently if he'd

Then the contours that were interpolated from the third set of drawings are the
positions--and we call it a map inventory--of every tribar that remained in the position
on the breakwater after the storm that created 150 feet of damage. Those maps of the
tribars were drawn by two instruments set up at the end of the baseline, shooting a
rod, one diver going down to the end of the tribar cylinder. Each leg of each tribar
was surveyed. He held the rod. When he was ready, by telephone, he told one of the
instrumentmen that he had it set on center and a companion, swimming in the water
above, was given the signal. With a bull's eye level, he swam a two-by-two redwood
pole, with a band mark on it, to plumb position. This was reversed from the usual
survey condition where the rodmen sit and wait until the instrumentman says he's ready
to take a shot.

In this case the control was the man in the water, and the instrumentman had e.?N

to learn to be nimble. So the two instruments caught the high point of the rod as he
swam to vertical. Because the diver can't stay there forever, he got the vertical angle,
horizontal angle, plugged it in immediately, from instrument, to a computer and
immediately on the spot, we had X, Y, and Z of the end of each leg of each tribar.
The map shows those positions.

Another one then takes that map, with the Z value of each tribar, and
calculates the representative surface of the filter stone (Phonetic) on which the tribars
rest. You'll see a map of that one which will show you the inferred surface of the
breakwater less the armor.

If there's another set there right now, I don't think of it. They're all reduced to
one-half the size of the tracings.

I will spread them out here. You'll see that they map terrain with remarkable
clarity and with remarkable impact to anybody who's preparing to build a three-
dimensional model. We took these then and blew them up to one forty-fifth of full size,
in sheets about one meter by a hundred and twenty-five centimeters, and we pasted
them onto the floor of our model and, once they were pasted down, along each
contour, at about eight-inch intervals, a small angle iron clip was fastened, it's
standing leg tangent to the contour, to the concrete floor. Then it was bent or bowed
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around these standing legs, and they put in galvanized iron ribbons and checked the
upper edge for exact comparison with the scaled elevation represented by that contour.
Once that was verified by a surveyor, they were spot welded. Then it was filled in
with sand up to two inches and molded at the top.

So we built, at one forty-fifth of full size, a model of the map you see. From
that we proceeded with some very interesting model studies. It's an example of
mapping that Orville wanted people to see. I'm pleased with it. It wasn't inexpensive,
but I think it was not costly.

DR. WHALIN:

Would you mind telling us what it did cost?

MR LILLEVANG:

The surveying of the tribars, of course, were the very tedious, time-consuming
and money-consuming operation, and I can't separate between the inventory of tribars
and the bathymetry. Our total bill was on the order of $450,000.

DR. WOOD:

Doesn't seem that bad to me.

UNIDENTIFIED SPEAKER:

What horizontal and vertical accuracy would you specify for the offshore survey
at Crescent City?

MR. LILLEVANG:

I don't think that's an answer off the top of my head. Probably something like
this.

MR. DAVIDSON:

Well, obviously you thought it was necessary to do that or you wouldn't have
done it, but would you do that on every job from now on?

MR. LILLEVANG:

If there were terrain like...

DR. WOOD:

I would like to focus attention in the latter portion of the workshop on
comments directed specifically at the prototype study. There have been a number of
very useful suggestions. We're just having the discussion on the placement and ways
one may determine that. We would like to pin down some specific objectives you feel
we could achieve in this prototype study, perhaps suggesting with those the hypothesis
that would justify it, a particular way that we might consider the measurement or the
way we might consider the placement.

At this stage, we're wide open to suggestion. One of the things that clearly has
come up is the question as to the monitoring program for the forcing parameters. How
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many gages do we want? We've talked about attempting to measure velocities within
the structure. That's been a topic that has come up. Is there any use to having current
meters in or around any of the structural units?

I welcome anything that might come to your mind that you think would be
useful input. I might lead that off by a question that I had penciled down the other day
in noting three of the presentations here and also Doctor Burcharth's visit. Doctor
Burcharth, Dr. Ligteringen, and Dr. da Silva all made the comment in their
presentations about having "a major question related to the stress or problem of curing
effects related either to concrete mix, the curing condition, or the size." We have the
initial presentation of our results in the first stage of the prototype study on dolosse.

Do the results that Dean Norman presented with respect to a lack of a great
deal of concern for weakening of the structures in the curing process concern you? For
the dolosse, specifically. Is that question set to rest, or is it still a major question with
dolosse? I realize some of you addressed other geometries. That may be another
question.

MR. MAGOON:

In the prototype dolosse that are existing at Humboldt, there appeared a crack
in the ones that were cast on sunny days, I believe, and the crack extends down to the
steel. I call it a Poisson crack for lack of anything else. Once the crack started to
form, it propagated down until it hit the steel. You can see those when you go out
there because the water enters in there and it will actually come out through the
steel. You'll see there are rust streaks down the side of the unit.

That crack appears at other locations in the world besides Humboldt. Obviously
at times it seemed to occur on sunny days and not foggy days. I can't tell you it seems
it was warmer on one than the other. I just wanted to make a comment because I
believe Doctor Zwamborn is going to visit the prototype.

When you look at the photos you'll see where the blocks that held the
reinforcing in place were displaced, adobe blocks, displaced the cage, shifted over to
the side of the unit so there's color, and you'll see the rust streaks. You'll see the
exposed steel on the side. You have to be careful when you interpret that. It seemed
in the case where there's actual bars placed, in case of your experimental units, I was
going to say you have to be very careful that they aren't displaced, however you
decided to hold them in there. They certainly were in some of our units and obviously
because the cage is out touching the side of the form.

DR. LIGTERINGEN:

Of course the curing affecting reinforced dolosse is different from unreinforced.
In fact, in that respect, relaxation has come to be helpful of the unreinforced unit
where the strains might be reduced. I don't think you can generally state that dolosse
won't have any problems with temperature cracks. We haven't brought the
computations up to a level that can analyze a dolos completely at this moment, but we

* hope to be at that stage quite soon.

We are almost sure that, for instance, in San Ciprian, the 50-ton dolosse have
experienced temperature cracks during curing. That is almost the only explanation you
can give for the fact that so many dolosse have been cracked even before a major

* storm hits the structure.
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As far as tetrapod and cubes above certain sized and dimensions are concerned, oz
you have to take microcracks in curing stress into account. We can't say in general all
cubes above 60 ton have temperature cracks because it very much depends on the type
of concrete mix used, curing conditions, etc. I think it's a problem which should be
looked into, and we need to sharpen our tools in that respect.

MR. NORMAN:

I think I agree with you. I would just simply say that it appears to me that the
dolosse that are being constructed at Eureka with the fiber-reinforced concrete that is M
being used, and the construction procedures that they are using, there seems to be no
problem with curing-related cracks or stresses for those- structures. No restraint there.
There's no rebars to give internal restraint, and so there's no indication that that
would be a problem for those structures.

MR. MAGOON:

I'd like to add, since San Ciprian was mentioned, I believe, through your
experience, that's extraneous because I believe they used steam curing. When I was
there, they were. It's a different type of curing.

Actually, at Pornask (phonetic) Nuclear Power Plant in Scotland, they were
draped and cured indoors. So there is a great diversity of opinion on this point._ Although for this particular project it might not be too important, I think what we're
saying is, on the long range, job to job, maybe someone not using fibers is something

important for you to look at.
MR. LILLEVANG:

I visited a project in Iceland while they were still casting. They had most of
them in place, but they were still making them. Because of the short season and cold
weather they were casting under shelter. They had a floor with steam delivered down

below that, and they were getting a very large number of broken dolosse. Some in the 0
form, some in handling for transport, and some breaking in transport. If the dolosse
survived the trip to the breakwater, they seemed to go in with very little loss. -

I discussed it with the engineer-contractor who had the job, and suggested to
him that it looked to me like form restraint was resisting this change in dimension and '.. ,
inducing planes of weakness, if not cracks.

He examined that later and wrote to me and said that he thought that my
inference was absolutely correct. As he analyzed and looked at it and played with it a
little bit, it appeared that clearing up his form restraints, by early stripping, and then
controlling his steam process better, he reduced his losses dramatically.

There is a restraining in the form. The dimensional change factor may be small,
but if you get a very stiff form and these sharp angles to restrain, why, there's no
place for it to go except to weaken itself.
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MR. MAGOON:

You can also put an O-ring. Professor Berwick (phonetic) suggested, in that
situation, that you slice the forms and put in a compressible gasket type. I didn't know
is in this case you have enough reinforcing. I believe putting a compressible gasket was
done in Sines. It was not done at San Ciprian.
OR. LIGTERINGEN:

Y es.

DR. WOOD:

All right, any specific topic suggested for the study? One we should initiate?

DR. SOBEY:

I would like to come back to some of the comments made earlier about
placement of the fourteen bullets to follow up Professor Dean's recommendation. Six to
be kept and one out in the beginning.

If you follow the argument back to what the important loading is in the
structural design, I think it's the extreme load which seems to impact loads. If you
follow that back through what we can calculate it, I think we can calculate the impact
load from the dynamics of projectiles. The forcing for that comes back to the
hydrodynamic. loading and.the. particular elements that get it moving in the first place.
Then it starts to interact with the dynamics.

I think that the important thing that will come out of the field experiment will
be some idea of the dynamic loading. In that sense, I refer briefly back to the
experiment. We do have material problems in regard to the chances of getting
reasonable hydrodynamic loading on the unit in the lab. It's a little remote from us, but
perhaps it can be improved. We have to get some very good information from the field
from hydrodynamic loading, which I perceive as an important part of the problem.

In that sense I think it's important to put these elements in typical location, not
in extreme location. I would start with the rocking problem and impact load where
they're essentially measuring the hydrodynamics.

DR. WOOD:

On the placement questions, when we look at our thirteen bullets, if we go
along with that suggestions and we consider that we may be looking at an under layer
and over layer, that really is not a large number of units to place anywhere. Is there
any consensus as to whether one looks at the interface, the proposed still-water level?

DR. LIGTERINGEN:

In the test we did at the Delta Flume for Sines, we had those units with a
model concrete, in brackets, placed in an area. You saw them on the slides. Those
were the white blocks, and they were placed in an area from minus the wave height,
below the still-water level, to about plus half the wave height above it, if I recall

* correctly. That was based on the measurements we did in the small-scale model where
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we found that most of the action was taking place in that region anyway. So that
would limit, to some extent, the area in which you are looking.

I tend to disagree with Bob when he says keep six apart because it would be
very difficult afterwards to place those six anywhere in the breakwater. I think I'm
very much in favor of the idea of the experiment with one. After that, I think you
might as well put all the bullets in a layer, some in the under layer and some, the
majority, in the upper layer.

Although of course the hydrodynamic loads are very important, referring to the
remark by Doctor Sobey, I think we look to the whole range of loading, and that
includes dead load, hydrodynamic loading, and loading due to colliding blocks. I think
we should try to cover that whole range.

DR. ZWAMBORN:

I support that. I think it ties in with what I said before. The plus half and the
minus half also agree with, and unless one feels you would like to have one or two
units further down, I personally haven't got a big problem with that on a slope like
what you're going to have here. One and two or two and a half.

DR. WOOD:

One and three.

DR. ZWAMBORN:

* One in three. I think the concept, if you've got a slope, the bottom of the units
are supporting all the rest. I think that is a completely wrong example. Then you have
built a wrong breakwater. The forces should be transferred through your underlayer, as
soon as possible, to the body of the breakwater. He even suggests you put sort of an
underlayer of tentacles out so that you transfer that force quicker. I think some people
here have expressed some doubts about the carrying capacities of the low units, and
maybe if you want to go outside the half, plus half and minus half, I would feel that
you would perhaps put one or two units lower down, I personally wouldn't feel strong
about that. I don't know.

MR. MAGOON:

I'd like to add that if you look at the literature at a well known failure such as
Sines, and you compare the various hypotheses for that failure, there were a large
number of scenarios that were suggested. You might think if a failure occurs and
you're forced to try to decide the reason for that failure, then would you have the
information to decide whether it was a pretty flat slope. We assume it's not going to
slump down in one big clump, but I don't know that right now. I would think the first
thing that I'd try to answer, when you pose the question, is what method of failure it
will be. If you can determine that in advance, then that would be quite convenient. I
don't think you can do that. What you have to have is the placement of units so that
you can describe the method of failure.

I would think that in the event that they ever did slump down at once, let's say
you had placed them in the area where you have the problem in the breakwater right
now and they'd all gone out at once, that would be the end of your experiment.
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Although you cold have enough there to make a measurement, if you had something _

somewhere else you'll always get some data.

My thought would be to have it in a place so that even if the experiment lasts
for three months you could get some data out of it. If it lasts ten years, you'd get
tremendous amounts of data. If it lasts for one year, you would get something. 9

So ! would say the majority in maybe a clump, but a goodly sprinkling of units

in other locations and one in a place where it would surely get high loadings on it and
m aybe roll around and however it's displaced or whatever that comes up.

MR. LILLEVANG:

I'm persuaded that there's great value in the observer, of whatever level of
sophistication, standing over one of these structures during a major event, in a
helicopter or slow flying airplane if the wind and weather will permit, and watching
what's going on. The highest level of sophistication in design concepts and so forth
that is available, whoever that may be, and how soon he can get there. That may mean
that he's the Corps' man in the District, who may not know an awful lot about what
the designer's really getting at, but he knows a lot about how these pieces behave
during construction and over the years, while he's watching them, or if it may be
somebody can hop into a chartered plane and get up from San Francisco to take a look.

I value, beyond measure, the opportunity I had at Diablo, before the storm had

completely died away, of being in a helicopter over it and watching what was going on.

It was immensely valuable in those kinds of observations to help with interpretation of
what you see at that particular place, to observe how the water is moving and how
pieces are responding, and, if they're moving by what mechanism they appear to be
snatched away. All of these things are immensely valuable and shouldn't be overlooked
as something that is an authorized procedure on quick notice.

DR. WHALIN:

Good Idea..' -

DR. McDOUGAL:

In regard to scattering out, there are not that many measurements, in the first .-

place, and I think that Baird's group made the comment from their model tests that the
results were very specific to individual units where they nested, even if they were
reasonably close to each other. So with that anticipated variability, even the ones that
are close to each other, if they start scattering them out, it will be difficult to put
any type of statistical reliability on the numbers you get. At last, if you keep them

close together, you would increase the faith that you can put in the numbers.

DR. ZWAMBORN:
W

I would just like to come bi,;k to support what Hans Ligteringen has said. I
didn't mean we use one first and then thirteen and then leave the rest. It's very, very
important that you place the majority of the instruments, let's say nineteen or
whatever, during normal construction as part of nc--ral constrL;ctn. Put the"' in-
same way as you would be doing the normal units. I think that is extremely ir -tar.t.
Otherwise we get some fancy results, but we don't kno what they mean.
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OR. WHALIN:

Right.

DR. WOOD:

Is it correct, realizing there's been contrary views expressed, that the
consensus seems to be that a nesting of these is the best way to optimize these
nineteen bullets? As you described, plus, minus.

MR. MAGOON:

L I would say that you could have a greater number in one place, but T want to be
sure that whatever the failure scenarios you expect are included in that, so I wouldn't
put them all in one place.

DR. WOOD:

What is one place?

MR. MAGOON:

One little section where the units are all touching each other. One method
would be to put all units in contact, and you have a zone where you're going to put
the whole entire experiment. If that zone fails, you have lost the whole experiment in
one swoop. Fair enough. You might get good data while it's doing that. So I would tend
to suggest that you could put more than half in one location, but I would still feel that
you need some in some other places just in the event something catastrophic happens
or just the fact of the site you selected not being representative.

DR. WOOD:

Perhaps to clarify that better, from Dr. Zwamborn's and Dr. Ligteringen's
comments, we have this kind of vertical scaling of plus or minus a half a wave height.
What then would be your recommendation on that horizontal limit? Is there a
comparable ground you'd choose there?

DR. ZWAMBORN:

Well, I wouldn't mind if they were all more or less in one row, but you don't
get placed like that. Mathematically, you get sort of left ano right, but whether you
have to say two and two, sort of two rows, I can't say just like that.

UNIDENTIFIED SPEAKER:

If you have two rows, fifteen to a fluke, you're talking about a band width of
30 feet, to answer your question, Bill, but because they don't always go in 30 feet,
there's going to be probably over a 40-foot range, just guessing.

DR. ZWAMBORN:

You're just placing them in that area.
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UNIDENTIFIED SPEAKER:

Maybe over a 50-foct section.

MR. LILLEVANG:
6

I was thinking of the area occupied by these if they're clustered. Although I
like the cluster concept, suddenly I begin to see things that are more complicated than
the strings that hold a marionette with these chains. I'm wondering what kind of
interaction there might be with a massive bunch of chains like that around these
dolosse that are in a cluster. We've got these umbilicals here to be concerned about. I
think they're going to move around. We're talking about them maybe kicking and
tangling but interacting with one another, and one chain on another tribar that is also
instrumented. This is going to be very interesting.

DR. WHALIN:

Let me throw one more comment out that the group may question. We have said -
that we are going to instrument twenty of these things. Okay, that's true. Twenty of
them are going to be instrumented: six of them have accelerometers in them also. I
don't know if you remember that or not. All twenty have strain gages and six of the
twenty also have accelerometers in them. The original proposal was for forty, okay, of
which about a dozen or so, I've forgotten the number, would have accelerometers. I

In our negotiations with those people that provide the money and so on, the
limit in which we, C ERC, refused to back down, said don't do the experiment if you
have fewer than twenty. That was our bottom-line figure.

-* So now the thing is going now with the twenty. However, you may wish to ,
comment on whether that is adequate. We're receptive to any comments that you might
want to nake regarding that number.

* Obviously, the more we all know, the better.

DR. HEIJDRA:

That would bo a pity if fewer than all of the instrumented units were in one
location, say, all the section triangle units on one spot, because then you lose quite a
lot of information, when you remember the information shown by Mr. da Silva and you
saw a figure, say, the forces for acceleration on the cross section. I think it's more
important to get some information of the total cross section than only to have mere
detailed information about one spot.

I think when you are interested in some measurement in one spot, I think it's
valid then to combine the measurements with some kinds of tracing the novemets.
That might be by photographs or might be some movies. Because then you can get
information not only of the actual impact forces, but you could also get the
information of the load schemes. When you are interested in one specific, spot, I think
then you have to combine that because then you have not only information of the
impact force itself but also the load scheme.

I think from the actual information of total cross section, it's more valuable. To
get information of total cross section, not to spot them on one location but to spread
them on the total cross section, is safer. That is more based on what we have seen in %
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our laboratory for one of the breakwaters. There is some agreement among the
measurements of instrumented units in one location. When you have one location, I
think you get only one information.

DR. WOOD:

Yes.

UNIDENTIFIED VOICE:

Maybe I'm introducing something that's already resolved, but hat about other
dimension layers? Now, are we talking about spread laterally? But, what about the
outer layer versus under layer of dolosse?

DR. LIGTERINGEN:

As I have said, they're one-third underlayer and two-thirds in the outer layer,
and I think that would be good.

Just to be a bit more specific, how many units we find in a row from the toe to
the crest?

UNIDENTIFIED VOICE:

I don't have the number. . .

MR. HOWELL:

It figures out numerically. I think we were talking about four by five, four
across and five up. I think it was five units.

DR. LIGTERINGEN:

Yes.

MR. HOWELL:

Five units vertically, we could pretty well cover that. Four units, that is
assuming all four on top. Of course, if you put some underneath, then it may be two by
five or whatever you want.

DR. LIGTERINGEN:

Y es.

MR. LILLEVANG:

Let me ask about layers. I'm always troubled by layers in breakwaters because
I feel that you should never build them in layers. If you want to talk about two units
thick, well, I accept that, but not two layers. What is the intention of construction
procedures nere? To put down one layer and then come back and put another on top,
or to build the full section as you go?
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MR. DAVIDSON:

I think it would be to build the full section as you go. ii
MR. LILLEVANG:

That's my feeling on it. So it's not layers, it's--

MR. DAVIDSON:

~That's the District's prerogative. I mean they don't often get built as we sospecify.

DR. ZWAMBORN:

I would strongly support that. I think it's wrong to do that another way. It
should be done in one, bottom up. I don't know what your height would be of the
breakwater. What the length--height of the slope?

DR. DAVIDSON:

It's 160 feet to the toe horizontally, so it's part of this is on a one-to-four, and
then it compounds to a one-to-three. Two hundred feet, maybe, a maybe along the
slope. I don't really know, but you're talking about a hundred and--

--DR. ZWAMBORN:.

You virtually have them running along in one row, I suppose, if you want to
cover from plus half to minus half, but-

MR. DAVIDSON:

Mr. Markel, when we did the test with prebreakage of units in clusters and
things like that, we segregated them by staggering them up the slope. We had them
below water halfway down to the toe, at the water line, and above water line. Would
that be a suggestion here? This gets back to Omar's problem or if you put them all in
one section, you've got all the chains coming to you. I disagree with the group, but a
spread above water in this lane, some at the water in this lane, and right now I don't
know what that dimension is, and some at the toe in this lane, or back over here, so if
any one fails, you don't lose the others either.

DR. LIGTERINGEN:

Sort of herringbone?

MR. DAVIDSON:

I throw that out because Dennis brought that up. That's sort of the way we did
it then.

MR. HOWELL:

It's a question complicated a little further. We haven't mentioned the fact that,
I guess, just for cost reasons we're proposing to instrument only one shank fluke
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interface. I was wondering if some numerical modelers would comment to whether that

would cause them unsolvable problems in trying to calculate to our results.

UNIDENTIFIED SPEAKER:

I know exactly what your concern is with, but it would seem to me if you have
20 dolosse instrumented with strain gages and you're assuming that in your random
distribution of these dolos~e that you're going to--, at least there would be no strain
distribution or stress distribution that you would miss by your symmetric structure. So
when you picked it off, I'm assuming you're not going to refer the location of every
one of them so if one or two of them, you missed a strain distribution, so it would
seem to me half instrumented, just half of 20 dolosse, would be fine.

MR. SCOTT:

I would think it would be better instrumented to mid-shank as opposed to one or
the other. I also have a little reservation about placing strain gages on regions that
could have high stress concentrations which could affect your results. I would prefer to
see them mid-shank where distribution is a little cleaner.

MR. HOWELL:

I guess that brings--I don't understand how it's reasonable to have them mid-
shank. Admittedly I'm not a- structural guy, but seems to me what we're really trying
to get at is the moments and torque. We know there's a problem that we don't see too
many dolosse broken in the fluke.

MR. SCOTT:

What I'm thinking is in terms of calibration for your numerical model.

MR. HOWELL:

But your strain gages don't know whether they're on cylinders or whether
they're on dolosse. You could have a bunch of dog bones in your model and strain gage
at mid-shank and you would really have adverse scattering. You would have multiple
torques and moments that would give you the same strains at mid-shank, so I don't
think I could agree with that.

MR. NORMAN:

You're worried about losing the strain gages, damage in the high stress.

MR. SCOTT:

Not so much damage as getting good clean information from them.

MR. NORMAN:

i think Gary's right. I don't think there's just a unique way you can, with the
data today, you could get at one location. You wouldn't know what really caused it.
You have too many combinations of torques, thrusts, and moments that might have
combined in the units.
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MR. HOWELL:

We have certain advantages in the prototype. I have to remind myself that I
have some advantages over the physical model. One of them is for the 42-ton dolosse,
is big, so I think the main reason you're down on the trunk is because your model is so
small you can't get up where you really need to be. We initially looked at doing the
small dolosse and, after doing cost estimates, it turned out it probably would be more
difficult to do smaller dolosse than larger units.

UNIDENTIFIED SPEAKER:

The gaging on the fluke shank interface is done with the three rebars that
you're trying to model with (inaudible)--

MR. HOWELL:

What you do essentially is, large type Carlson strain gages. You're using the
rebar to be the strain material, and it's like a calibrated load cell.

UNIDENTIFIED SPEAKER:

You're really talking about a resistance of bond in the bar.

UNIDENTIFIED SPEAKER:

That's true.

UNIDENTIFIED SPEAKER:

That's compared to the overall area of the structure that's probably negligible
compared to the overall displacement of the structure. So, it's basically like a big
strain gage.

MR. HOWELL:

Is it reasonable to assume for the prototype study that we cannot answer and
solve every problem related to structural aspects of dolosse, not even concrete armor
units, and we certainly cannot solve all the problems of hydraulic stability in
breakwaters. Let me propose that we drive on to the prototype experiment. Should the
prototype data which could be reproduced, we hope both in a physical model and in the
numerical, structure the way the prototype experiment is designed such as to make
that agreement as good as possible? In other words, if we can't pick a section where
we understand what's going on and calibrate to the data in a physical model for a
simple section, we certainly can't expect to do it for a complicated situation. So is
that some kind of reasonable basic assumption that we should make for the prototype
study or not?

I think we need to reduce it to some high enough level to have some consensus

before we can--

DR. WOOD:

Comments?
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DR. LIGTERINGEN:

I think it's a basic assumption that I would say it's the minimum and that I
would agree to that. It's even important to have the opportunity afterwards to
reproduce what happened in the prototype in the model set-up, possibly reconstructing
the prototype as well as if you have documented it. As far as I'm concerned, if you put
20 dolosse in the prototype, if only four of them were going to give valuable results,
that would be already a valuable result.

MR. HOWELL:

Does anyone disagree with that? There's a basic philosophy. I feel if we can
agree on a basic philosophy of the experiment, then we will have some guidelines of
evaluating the decisions.

MR. MAGOON:

I think I disagree a little bit. I feel you have to decide really what it is you're
going to do with it when you get through with it. If you're just looking at
representative measurements in the prototype, that's really one thing. If you're trying

to verify what's going on in a hydraulic model, I feel that perhaps that's entirely
different. I would think that would be one part of it that I would say I would defer to
someone who is a hydraulic modelist for that.

As far as gathering information, I think any successful unit would be a help. I
have some comments regarding that on a slightly different subject when we get to it. I
would say that my own feeling is that you would really want to look at a range of
wave conditions and so that at some point you need to get at or near the bottom of

the section and some point at or near the top of the section. I don't really have a
feeling whether they're in a line, or a row, or across, or what they are, but that the
basic thing is to get a wide range of conditions on the units to be sure to gather some
information, regardless of the condition of that wave and the section as to which it's
exposed.

DR. SOBEY:

I think it would be a mistake to attempt to design experiments to verify the
hydraulic model. The hydraulic model is, after all, an approximation, and I think it
would be comparing one approximation with another. I think we have to look at the
experiment as trying to find some measurements of what's really happening there.

DR. ZWAMBORN:

Having the possibility to go back after to the hydraulic. I think that's what
Hans is saying.

DR. LIGTERINGEN:

Yes.
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DR. ZWAMBORN:

Data first. You can do it the other way around as well, but that doesn't seem
to be sensible in this case. Get the data and, once you've got the data, then you
reproduce it in your model and see if you can calibrate the model in that way.

I think what Gary mentioned as well, I don't know whether we really discussed
that, the placing of the units with this accelerometer.

I fpel that we're talking about plus and minus half wave factors spread around.
In the cettar half of that, I would suggest you put the ones with the accelerometers.
Anyboe. : have a comment on that? You have to measure the stresses in all of the units
su.'fi iently to have a comparison. I think most of the motions that we know happen f
bcynd the water line. Although you don't want them at the water line, I think you
could concentrate them in the center half of your measuring area. That's my
suggestion.

DR. WOOD:

Do you have any problems with-- N.

DR. SOBEY:

Yes, I think the accelerometers' measurem ents are the most valuable of the lot
and I would much rather see them spread than coicentrated together.

DR. LIGTERINGEN:

Yes, I agree with Dr. Sobey, particularly on a minimum slope like this one. You
see in the model, that the dolosse, from the lower part of the breakwater, will tend to
be moved upwards in a heavy wave attack of the up-rush. Now that is something which
you would like to monitor as well and so, therefore, I think you should spread the
accelerometer units evenly over the whole range.

MR. HOWELL:

Is it a correct assumption that the accelerometer should always be on top?

DR. LIGTERINGEN: 4%

Yes.

MR. HOWELL:

It doesn't make any sense to have it somewhere it doesn't fit. .%

DR. ZWAMBORN: 4

I agree with that.

DR. LIGTERINGEN:

I agree.
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MR. HOWELL;

Everybody agrees on that?

DR. LIGTERINGEN:

Y es.

OR. SOBEY:

I think it's representative data you're looking for and 1 think the accelerometers
have been as representative as the rest of them.

DR. LIGTERINGEN:

No, no.

DR. ZWAMBORN:

No.

MR. HOWELL:

It seems to me the thing of it is it's a difference in the philosophy of the
experiment. I don't see how you can design specifics of the experiment until you have
an agreement on the philosophy. We're all scientists and engineers, and we should be
following the scientific method, if I can remember exactly what it is. I think we're
supposed to have something in the hypothesis testing.

MR. MAGOON:

I'd like to throw out something I thought of. It's something I would really call a
very simple strong-motion gage. Let's say you have some of these units that you're
able to get to at low tide when it's fairly calm, and you simply put a writer between
the two units and you would get continuity through the unit. W hen the unit first
moved, it will break a piece of copper wire, and you would at least know you had a
very simple motion. Perhaps tie the unit to the bottom or whatever you wanted, and

you'd have a very simple strong motion gage even if it wasn't hooked electrically. If
the two of them moved, you could almost just tie any small cable that would break.
You'd be able to tell that.

If the experiments fail, it's really nice to have some sort of strong-motion type
gage. Maybe there's some very simple things in addition to all this sophisticated
material you're talking about that you might consider.

MR. HOWELL:

(Nodding head.) We'll consider that. I guess I don't know how you'd tell the
difference between motion and other things breaking. Just having gone through all the
work we've gone through in making the cables survey, I can tell you there's a lot of
things out there that will break wires besides motion.
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DR. LIGTERINSEN:

Yes, floating debris.

MR. MAGOON:

Well, you certainly see some things like scratch marks on a unit, which you see
on a lot of units. You obviously started off with just a plain dab of paint between the
two units. You can take a spray can--I'm thinking of a simple test that you do in
conjunction with the sophisticated tests so that when you go back and look at it and
all else fails, you say this thing moved three feet or something like that.

MR. HOWELL:

I think it's very important we get motion, but I think we have a number of ways
of doing that. There's Mannasquan and then the techniques we've talked about here
today, so I guess I'm more interested in getting my money's worth from this group of
experiments on the question of what are we going to do as a group and not so much
the nitty-gritty.

I think, you can't do an experiment unless you have well-defined goals of what
you want to accomplish. How will we define success with this experiment? What are we
trying to do?

MR. MAGOON:

Well, ultimately you'll know whether you got your money's worth for your
client, which is the public.

MR. HOWELL:

Is the experiment even necessary? Maybe we don't need the experiment.

MR. LILLEVANG:

That's another can of worms. Do you really want to take a shot at that?

DR. WOOD:

You probably have a better concept than any of the rest of us here, WES, as to
what other experimental questions you have not gotten feedback. Do you have any
questions you would wish to pose at this time to our guests?
MR. HOWELL:

I don't think I got an answer to the question of the instrument on one end, one

shank length. That's very important.

DR. WOOD:

The question again is posed as to whether or not just simply having the strain
gage measurements in one -end of the unit was sufficient for the objective of the
experiment. We haven't arrived at it yet.
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MR. COLE:

I have a suggestion. Maybe on the layout plan, since this is an open-ended
question I think we can talk about for months, why not, in a day or two after
everybody is on the way home and thinking, just map out a plan as you would envision
it, where you'd place what, five of them, six of them, with accelerometers and send it
back to Gary. He would have maybe a concensus of opinion out of twenty-five or so
plans that--

DR. WALTON:

Could I make an alternate suggestion? I think what you say is true. That we
really cannot design the experiment; we can provide input, and I think Gary now has
what benefit there is of our thoughts. I would like to modify your suggestion, if it's
agreeable to you, that he take what he's heard from us and work up a plan and send it
out and we can provide comments on it because otherwise it's going to be kind of a
shotgun report.

DR. WHALIN:

That's a good suggestion.

DR. SOBEY:

--Just a comment on that. If the options are having the instrumented placed up or
instrumented down, that's saying you're putting this special placement of these units or
can you do it without saying that it's special placement. Your standard construction
procedure.

MR. HOWELL:

I think we can put it either way if we wanted to. Would you agree?

MR. DAVIDSON:

(Nods head.)

MR. MAGOON:

For most cranes and most ways you pick it up, it turns out that a contractor
often has a certain kind of a device that grabs onto it, a certain grapple that he's
made, and you can place it in any orientation. He likes to--he swings this out and
releases it a certain way as a conventional thing he does. If you specify, pyobably he
could rig something to place it almost any way you wanted. Conventionally, he grabs
onto it off a truck that always comes the same way, he swings it out. There's various
lines to shore. He normally doesn't have a device to rotate the unit. There's a tag line
or device back to the trunk line or whatever you call it, but there's several lines, and
it could be arranged on some kind of a device that could rotate the unit in any
position.

MR. NORMAN:

You wouldn't want to do that, though, would you? You would then have a

preferred placement of measurements.
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MR. MAGOON:

I think you'd put it like he normally would build a section.

MR. NORMAN:

Like he does it, right.

MR. MAGOON:

It is prejudged because that crane can only, if he grabbed it in the middle,
place in certain ways, normally, unless you do something special,

MR. NORMAN:

Just make sure you don't have all the instrumentation packages in one direction.
Now, you don't do anything to make him place it in any particular geometry, but you
do make sure he doesn't place it so all of your instrumented connections or shank fluke
interfaces are all up.

MR. MAGOON:

I think you recognize the way he's going to place it and you put the
instrumentation to take into account whatever method this gentleman has to put his
units out.

DR. WHALIN:

You're saying put the package on the same end every time, every way it comes
out on the truck, and they'll probably end up in some preferred position.

DR. WHALIN:

You'd have to have one one way, one turned the other way.

MR. MAGOON:

You think of that before it goes to the site if possible.

DR. WHALIN:

It ought to end up that way. That's a good point.

MR. DAVIDSON:

Don't get us wrong, now. Orville's right. In construction, as you well know, it's
force of habit that he picks it up and puts it (indicating), but we have specified that
they're randomly placed except along the toe. We like to work from the leg out and
build that toe or scotch it. Above that, we specified to the District that it be
randomly placed. Whether they'll do that or not, I don't know. That's the whole matrix
now. I'm not talking about just the instrumenting. Very purposely don't want, as Omar's
pictures show, all of them down slope necessarily. By force of habit, he'll do that to
you if you don't mind.

379



UNIDENTIFIED SPEAKER:

As I understand the casting process, they're cast like this, and the instrumented
section will always be this end. When the contractor goes to grab them, of course, six
days after the casting, the form's taken off the first day, and six days later the soffit,
and it's lowered to the ground. That's how it is in the yard.

When they go to lay it, they lift it up and place it in a random fashion. They
don't like to turn it. It's very difficult, but they do place them in a random fashion.
Murphy's Law: The best laid plans that we may have, the very last day of putting
these out there, maybe a storm coming the next day, we've got to get the crane off
and somebody says "Drop it right there." That's possible, too.

MR. MAGOON:

Though when you place it, it of course moves as it's actually nesting. I'm just
saying normal procedure is it goes on the truck certain ways. You just have torecognize that in however you put that in, whatever the contractor's doing out there.

DR. WOOD:

Do you have a comment?

DR. LIGTERINGEN:

The question which Gary asked, if we had to choose between 20 units with only
instruments at one interface or ten units with instruments on both interface, I would
choose the first.

DR. WOOD:

Dr. Zwamborn?

DR. ZWAMBORN:

I was going to come back to the same point. Aren't you addressing yourself to
the finite element people. If you measure on one, can you then infar what the stresses
are on the load? Is that not possible?

MR. HOWELL:

That's what I'm asking.

DR. ZWAMBORN:

That's what I thought you were asking.

DR. McDOUGAL:

The analogy is that with groundwater, the inverse possibly, you put in a couple
of wells so you don't have measurements, couple of specified locations, and you solve
the groundwater backwards to solving it--that's called the inverse problem. Unless you
do some tricky mathematics, it's not unique.
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Well, this problem's no different. You have a couple of specific measurements
inside, and, unless you have the rest of the problem perfectly defined or do some
tricky mathematics, it's not a unique problem.

DR. ZWAMBORN:

Then I do some tricky mathematics.

DR. McDOUGAL:

I'm working on those tricky mathematics, and to incorporate that with an Adena
type model is a major, major undertaking.

DR. ZWAMBORN:

But, I would agree with what Hans has said. Even if you couldn't--

DR. McDOUGAL:

Sure, I agree with you also. It turns out the more measurements you have, the
greater probabilities, the more unique it becomes.

MR. NORMAN:

It determines on how precise you want to be in determining all of these. If you
are willing to accept trends in data or bounds in the loads and stresses, then you can
do that. I think that's what our group here is planning on doing.

DR. McDOUGAL:

I have one comment on the question on placement. Reading through some of the
information the Corps put on monitoring, some of the concrete armor units on the
prototype test, it seemed like a reasonable number of them were failed during
placements. Three, four percent, something on that order. Do you plan to monitor
durin; placement?

MR. HOWELL:

Yes.

DR. LIGTERINGEN:

In addition to this, do you plan to have a full test of the units, in the first
place, the units which are not instrumented. on site? I understood yesterday that you
have, in any case, static tests of the units planned. Would it be sufficient to have
correlation between a measurement on instrumented units, like you plan not to fail, and
a measurement on non-instrumented dolosse which might go to failure?

MR. HOWELL:

I don't think we've ruled anything like that out, but we haven't committed to
that. I think, as we mentioned once before, we're going to cast 30 instrumented
dolosse, and if all those 3re successfully instrumented, then we will do things like that.
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In any event, we plan to do the whole test on those instrumented and uninstrumented

units. So we haven't ruled that out, but we haven't made the firm committment either.

DR. LIGTERINGEN:

I would recommend to make some kinds of correlation in that respect in order
to eliminate, in any case, suggestion that the instrumented units were in any way
weaker or stronger than the non-instrumented units and also to have indication from
the known instrumented units, when it is brought to failure in a fall test, what the
resistance in that respect is.

MR. MAGOON:

That is a very good point.

MR. HOWELL:

We will take a good look at that.

MR. MAGOON:

I would like to perhaps discuss a slightly different aspect of this. I feel there's
a lot of methods of testing of these units not in the ocean. On bench tests or whatever

- -you want to call them. I think that, as I understand, some of Burcharth's work is he
tried to come up with a series of standard tests that could be in fact applied fairly
simply at other locations. I would like some society of testing materials to would come
up with standard tests.

I would like to suggest it would be important with your appropriately
instrumented units to try to conduct some of the tests that either Burcharth or others
have done and try with these very sophisticated units to do something with that. It
might even be worth taking a dolos out of the water and in fact doing a test on it in
the dry. Two parts of it, either not to failure, and I would suggest lift it one
millimeter or something like that, that you know it won't break, or something you feel
happy with, or drop a one-ounce feather on it. But, whatever you do, it would seem
like there would be a number of tests that would be very valuable. At least, I think
Burcharth has submitted a plea in other papers for some kind of testing of concrete
armor units.

This might be a very good place to try to come up with a standard test. You've
got a little time to do that, and whether you use this test or some others, I think a lot
of good information could be obtained by testing.

DR. LIGTERINGEN:

Y es.

MR. NORMAN:
I-.,

I have a generalized comment to make, and it may not really be appropriate. It
seems to me that we've talked a lot about determining the loads on the dolosse, which
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is a problem, but it seems to me that in talking about an effective structural design of
the dolosse, you can at least break it down into the areas of load determination,
structural analysis, developing a material failure criteria, and then a structural or
global failure of criteria of the dolosse.

Finally, a structural design to evaluate the design in terms of effectiveness,
safety factor and cost, something which we have to look at.

The main point I want to make is that none of these things is easy. Structural
analysis, we've got a finite element method. That's a quick way of saying you can
solve any problem that you can envision. There's linear and non-linear finite element
methods. I think both should be used here.

There's geometric and material nonlinear. I think both should be used here.
From material failure criteria, we don't have a good handle on this. There's tensicn
and compression in general failure criteria. There are things that affect that very
strongly like rate of an impact, for the impact problem, fatigue and other things that
you are going to effect in the prototype study.

The structural failure criteria, from a global sense, you've got to ask, generally,
whether you are looking 'for a brittle failure criteria or a ductile failure criteria. What
I mean by that is, are you going to say my design is inadequate if tensile stresses at
any point in a structure come back as brittle failure? Then I think I mentioned the
structure's design concept.

I just wanted to mention all of these things. I guess you've got to prioritize
them. You kind of think about where you put your money, what you know about
something, but none of these points could get a consensus on any particular aspect of
this problem. I just wanted to bring that out.

I know you are addressing that, but it's an important thing, I think,

MR. MAGOON:

I have one more point. I'm not clear on this, and maybe someone can explain.
It's probably a very simple question. How will the instrumentation you have tell you
what the loads are and where they're applied on the Lnit? We have the prototype units
in the field, they wiggle around a bit, and how will we determine where these loads
are in fact on the prototype unit?

UNIDENTIFIED VOICE:

One comment made earlier was that's one of the reasons I recommended doing
some detailed photographs so you can at least get the support. That's a big thing. You
can at least get our loads out. If you carl narrow those down, you have one foot in the
door. Then you're going to have to come up with some estimates of the hydrodynamics.

MR. MAGOON:

Well, let's assume that you saw the waves that impact on the structure and the
units move around a bit before something happened, before they really start to break.
Let's say they can take a little motion, which I think we assume they can. You'll have
to have some way to determine where these loads are, I assume. I'm assuming that from
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the measurements you have internally in the unit and the appropriate models you'll be

able to determine where the loads were applied? Is that correct?

DR. McDOUGAL:

I don't think so. Again, that problem is not unique.

MR. NORMAN:

It's as if you put an accelerometer on the ground and you have an earthquake in
a fault down several hundreds of thousands of feet, what was the acceleration down
there? They do the same process with a deconvolution process.

MR. MAGOON:

Then they're going to have a very serious problem with the experiment.

UNIDENTIFIED SPEAKER:

It's your best shot.

MR. NORMAN:

The earthquake people have a problem, too.

UNIDENTIFIED SPEAKER:

You know, it's your best shot, and it's better than doing nothing.

MR. HOWELL:

It also raises the fundamental questions of a lot of people assuming we do a
wave-by-wave analysis. It's almost impossible to look at results completely statistically..
Takes total analysis.

MR. NORMAN:

What earthquake people do, instead of doing complete acceleration-type history
in designing the structures, they get some idea of what the forces are, and they do
some type of spectral analysis. They could come up with a design response spectral.
You could come up with a design wave loading spectral, too.

DR. WHALIN:

One thing that Bill suggested is that we will probably try to map out, as best as
possible and as often as possible, where the units are supported. The ones that are
measured. We'll try to do our beet to get a very good definition of that when we put

* them in above water, and we'll send Bob down to check out the ones below wataer.

MR. MAGOON:

Describing these units under water, you think of what Mr. Lillevang did with
the tribars and all these efforts he went to. It's in fact possible at Humboldt that in
1890 they had a huge cane and catwalk and located the units. You're either going to
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know where they are and you're going to go through some real verification, or that
will always be open to doubt. I think that however you're going to do it, certainly
some data are better than none. I would agree with that. Perhaps you can't determine
where they are under water. I think you would have to think very carefully do you still
want them under water, not knowing where the unit's are going to be.

UNIDENTIFIED VOICE:

I'd say one response to that is all the finite element and all that, that doesn't
eliminate the possibility of doing empirical analysis. That in itself is a useful result.

DR. LIGTERINGEN:

From our experience in the modelway, we had the exact same problem in the
units with accelerometers in several places and having to analyze the data which came
from it. We found that once we knew what the position of the unit was, it became a
fairly easy one, and I think we came up with fairly accurate results as far as that
actual loading pattern is concerned. You have to make assumptions, either as far as
the hydraulic load is concerned or as far as the actual moment of motion of that
particular unit is concerned. So you are not 100 percent sure, but you come within very
reasonable limits in the model.

MR. MAGOON:

Then perhaps could you extend that? In the model, how did you measure the.

location and the loading conditions in the particular units you looked at?

DR. LIGTERINGEN:

We knew how the unit was supported, where it was located. We had the
correlation between the wave motion, what stages of the actual wave we were looking
at, so we knew about where the force factor was working, and, from that, we could
analyze the actual acceleration. I think it was fairly accurate.

The final recommendation I have, which is general, is that we start to
differentiate between wave impact and collision impact because that gives a lot of
confusion, even these two days.

MR. MAGOON:

Good point.

DR. WOOD:

We're drawing near the time where we had intended to end.

In summarizing, I think the suggestion is, Gary, for you to try a short document,
to feed back to the participants and ask the participants if they would comment on
that document and return it to us. It would be very helpful in the preparation of this
experiment.
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MR. MAGOON;

Could you add in that the other environmental measurements like wind,
pressure, temperature, and those sorts of things. Maybe, if you didn't have time to
present that, that could be included. The whole experiment could be included so we
could review that on paper.

DR. WOOD:

I think we're not only saying we're presenting the experiment as it is designed
here or we're presenting what seemed to be the consensus from the transcript, the
papers that are submitted, and so on, and bring that together.

MR. MAGOON:

I was thinking something as simple as if you had a small earthquake. I assume
somewhere around there's a seismographer. You'd know well enough, and you don't
have to have a seismograph right at the site for example. If it occurred, you'd
certainly want to take advantage of the events or whatever those little events were
that could tell whether it's a sea or swell or whatever these things are. A few bits of
information would be very helpful--visual observations, whatever you do.

I'd like to commend the Waterways Experiment Station on the effort of getting
the people together. Realizing that perhaps all these opinions aren't all exactly what
you wanted to hear, the openness with which you received it is extraordinary. I think
it epitomizes what a scientific effort should be, and I certainly appreciate being here,
and I think all of us do. I think that should really go into the formal transcript of the
record.

DR. WHALIN:

Thank You.
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Appendix A

Delft Hydraulics Laboratory
Delft University of Technology - Department of Civil Engineering
Institute TNO for Building Materials and Building Structures

STRENGTH OF CONCRETE ARMOUR UNITS FOR BREAKWATERS

Assignment: Up to the present day, the most popular design for breakwaters is the rubble-
mound type covered with large armour stones or concrete armour units.
Since the last thirty years the design for this type of breakwaters has only
been modified by the introduction of relatively slender unreinforced concrete
units. The hydraulic stability of these slender armour units is increased by the
interlocking forces due to the shape of the units necessitated by the increase
in breakwater design conditions.

Recently doubts are developing about the effectiveness of the present design
methods in view of the serious damage done to newly constructed break-
waters, such as the breakwaters of Sines, Portugal in 1978: Arzew, Algeria in
1980; Tripoli. Libya one month later: Gioia Tauro. Italv in 1979 during con-
struction, and San Ciprian, Spain in 1980.

The study has been performed by above Dutch institutes in close conjunction "S
with the following Dutch companies:
" Frederic R. Harris Holland 8.V.
" F. C. de Weger International B.V.
" Royal Volker Stevin
" Hollandsche Beton Group N.V.

Period: The study was carried out in 1983.
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Close analysis has indicated that substantiat portions of
the concrete armour units had been broken. In four of the
five cases it could be established that the mechanical
failure of the armour units had initiatet! the breakwaters
final collapse.

Problems are becoming apparent relating to the in.
creasing dimensions of slender units such as Tetrapods
and Dolos that were not known or underestimated at the
time, But also bulk elements like Cubes have similar
problems as witnessed by loading tests with prototype
Antiter Cubes tor Sines. For large-scale breakwaters
with large armour units. the mechanical stability of the
armour units can be the limiting factor for overall *

stability prior 10 ydraulic Stability.1WY

At present better insight can be obtained through

hydraulic model tests since the introduction of newmodel techniques. This however increases the need to Mechanical failure
obtain more generally applicable data from other fields.
such as loading conditions and mechanical failure
resistance of individual armour units in an armour iayer.

A Studly has lust been completed, that orings together all
existing knowledge with regard to observed breakwater
failures. design problem aspects, hydraulic and mecha-
nical loading conditions of individual armnour units.
mechanical strengothi arid eflective block strength in view
of residual stresses and cracks, aspects of construction
practice, experience with physical mnodel investigation. , .77

measuring techniques and scaling laws for strength and.
motion.
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The study was divided into three areas of concern:
1. Loadings
2. The strength of concrete armour units
3. Concrete technology. I.--
With regard to the shapes of armour units the study has
been limited to Dolos. Tetrapod and Cube. mainly ""
because of the wide use of these shapes for very large fi
units, with Dolos and Cube as extreme examples in
relation to slenderness and Tetrapod in the middle Dolo-

Antifer Cube
The study on loadings covers a review of the existing
procedure for armour unit selection, observation and
analysis of the recent breakwater failures, a review of
prototype loading tests, the loading conditions during Tetrapod
and after placing, that may affect the mechanical
stability. A Survey is given of present day measuring
techniques for physical model investigation and damage
observation in prototype. Results are presented with
regard to the scaling of concrete strength

The strength of the concrete armour units reflects the
use of present day criteria in determining the mechani-
cal resistance of these units to the various loading con-
ditions over a lengthy period of time.
Critical values for pressure, drop height. collision
velocity and rotation velocity are presented for elastic
behaviour and according to concrete fracture mechanics Construclion of arfiour iayer
theory. These parameters are revaluated With respect to
block size. critical stress intensity, tensile strength and
impact time. Scaling laws for physical model tests are
derived and reference is made to known test results. I ___ K
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Various aspects of Concrete technology focussed on te-

relationship between actual block strength and design 2

concrete strength in view Of block size and residual 2 ,,
stresses from cracks due to hydratation heat /
Ievelopment and drying out shrinkage. The Study mainly/ -E.LE -,' -,5

refer: 1o Cube units for which a suitable numerical
computer code could be used. An indication is given for t / .
units of different shapes. Due account is given of the
construction practice aspects. j_
The confrontation of the results from these different t 2 3 J,.
4ields of expertise and their integration into the overall __n,

conclusions, proved to be the most valuable part of the Actuai iOCK) %QnQh

study.

However. many of the findings m' 'I be seen as n-
dicative. because insufficient data are available from
tests ,ind publications on the subject.

Some conclusions are as follows:
Above 15 tons damage can occur to slender armour
units from the effects of rocking behaviour,

- Slender armour units of more than 40-50 tons can .
already break under static loading such as caused by
breakwater-mound settlement.

- The present-day design methodology is insufficient
for the use of armour units above 10.15 tons. More ,
fundamental research and full scale observation is Damage due t0 rocking
required to establish proper design guidelines, not ,n
only for the armour configuration. but also for the Proatbi'y density iunctions o 1Oad and siengh
effective resistance of armour units. nm ww
Probability density functio ns w ould have to be /f- sIrr g%"developed to cover the complex of lactors involved. / / \i armour unrti"/ 1 4

This study will be continued with fundamental research /I .,

into how impacts cause elements to rock and which I / r
loading diagram acts on concrete units. Also Oesign V ,
rules are to be drawn up governing the composition of ,
concrete for both slender and bulky armour unrts.
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Appendix B

Pre-Prirnt of a Paper Prepared for
THE FIFTEENTH INTERNATIONAL CONFERENCE V.

ON C0MSIAL it 'NEERING
Honolulu, iy, 976

EXPERnSNTAL STUDIES (I STRLESSES
WITHIN THE BREAKV*T R ARMOR PIECE 'DOLOS'

Omar J. Lillevang,* F.ASCE and Wayne E. Nickola**

Introduction

Stresses induced within the breakwater armor piece "Dolos", when X
it is subjected to loads, are not reliably inferred from the two-
dimensional techniques of analysis used in conventional design of struc- 1V
tures. Other methods that take the solid geometry of the dolos into
consideration are available, and comprehensive application of one of
them, three-dimensional photoelastic stress analysis, is reported here.

Breakage of Dolosse

Breakage experienced at 15 projects throughout the world, where

nearly 150,000 dolosse ranging from 3 to 42 short tons (2,000 pounds
or 907 Kg.) in weight are in use oa breakwaters, is digested for the
reader by Table I. It has been impressively low. With the exception
of one project, Humboldt Bay, none of those dolosse are reinforced.

It is well known that most of the breakage of pre-cast armor NN
pieces takes place during the manufacture and storing and during the
construction of the breakwater. Table I illustrates it. Several de-

tails within the table that stand out are commented upon in the folluw-
ing notes, each note being identified by the line number from the table:

Line 3. According to the owner's report, the relative high
breakage during manufacture stems from 100'F air
temperatures during casting, which contributed to
development of shrinkage stresses and minute cracking.

A wave storm during construction rolled numerous V
dolosse that were not yet nested in the armor matrix
and they suffered impact fractures.

Breakage in service is attributed by the owner's
report to battering during severe storms by loose
large quarrystones.

Line 4. Most of the in-service breakage occurred when a

localized area of the foundation eroded, and an

abrupt subsidence into the pit caused 10 dolosse

to break. N

* Consulting Engineer, Los Angeles, California
**Manager of Applications Engineering, Photolastic, inc., Malvern,

Pennsylvania
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TABLE I

DIGEST OF BREAKAGE OF DOLOSSE AT 15 LOCATIONS WORLDWIDE

Sh~ort Per Cent Br'oken
Line -ProJect Year Number Tons MKXAA M!Iidins it! sorvicop
I Cap Aux Mules '70 7,418 4 .0 1.0
2 '70 3,934 6 Number"

3 Crescent City '74 246 40 2.4 6.5 2.8

4 East London '64 2,000 19.75 0.15 0.5 0.25

5 Qo4nabaA '70 2,786 5
6 It TO0 86~ 1 5 0. - 0.57 '70 92 1 J

8 High Iand '73 6,619 27.5 "Inais." 0.8 0 ?

9 Hirtshals '72 2,600 9.6 0.3 0.3 O,04

10 H~onolulu '74 13,692 4014'
11 'T4 4,317 6 0 1.5J 0.2

12 Humboldt Bay '71 4,794 42 0,02 0.02 0.75
13 Mossel 9 '69 3,423 1.0 1.2 1.0
1 '69 2,634 2.0

Ij ort Elisabeth '67 14,,66 3 ~ 4 05'1 'Neglig." "Neglig."
'67 13,790 3 o.0:j

1.7 Richard& ft 7'~ F~
.8 '7 2 I.5

19 " 72 26 2084 11. 0.3 0.8 "Znag."
20 1 72J 33.2J
21 Riviere s R*awd '72 7,921 5 3.3 0.6 T"A Few"

22 " " " '72 1,552 14 2.5 0.5 ZIP-

23 SAMY Point '69 500 7 . -------- 1.0 ----------- ->

24 Table la 69 5,900 3.4 0.6 0 0.01
25 It '69 11,700 3.7 0.3 0:07} 0.01
26 " " '71 3,000 :4-3
27 " " '71 1,500 .7 1e - - o .0--- - - ,
28 " " '74 400 11.2 0 0

29 Thorlakski n '75 2,600 9.9 0.4 1.2 1.0

I Includes breakage during consolidation of tne atructures, e.g, during first storms.
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Lines 5, 6, 7. Extensive litigation over the project has
made factual discussion of breakage unavailable,
but subsequent to consolidation of the structure
it appears breakage has been nominal.

Line 12. All but 26 of the dolosse contained steel bar
reinforcement. The owner's representative reports
the unreinforced versions were placed in low areas
after completion of the armoring, and were thus
"not integrated with other units". Of the 36 N
dolosse broken, 9 were not reinforced.

Lines 13, 14. Owner's representative reports manufacturing
breakage was reduced by halting cold-weather pours
and changing the cementing ingredients, from 50/50
Portland cement/"slagment" to all Portland cement,
during cold-weather pours.

All the dolosse were made with "all-in", pit run
sandstone aggregate, resulting in concrete that was L
sometimes over-sanded and sometimes under-sanded.
Cement was 50% Portland and 50% "Slagment", blast
furnace slag.

Line 14. In-service breakage can be separated into 1.7%
initial consolidation fractures caused by insuf-
ficient fitting, and by some abrupt -localized
downslope adjustments, and 0.3% breakage since the
consolidations during the first storms.

Line 15. Contractor tried to use a form made of concrete
for the lower half of these dolosse. Those un-
yielding form surfaces proved to be warped and
bulged, and tended to lock in the newly cast
dolosse. Excessive force was needed to remove
them. When the problem was diagnosed, new
fabricated steel forms were substituted and
breakage immediately was all but eliminated.

Lines 21, 22. Heavy breakage during manufacture was
attributed to removal of forms when castings
were only 4 hours old.

Line 29. Contractor surmises breakage relates to steam
heating of the new castings while still in the
forms.

The various projects listed in Table I include many variations
in materials, in quality control during manufacture, in strength of
concrete and in dimensional proportions. Thus it would be surprizing
if there were systematic relazionships between breakage intensity and
size, and there is none to be seen in the table.

Popov (4) and Danel, et al (1) have shown that armor pieces of
different sizes but identically similar shape, and made of the same
material, will break on impact with an unyielding surface from the
same height of fall. The theory and Danel's experiments with dropping
295 tetrapods, of from 20 ounces to 25 tons weight, suggest desigrn
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loads for impulsive forces on the dolos would be the same for any size
piece. With other types of loads, however, steady ones or dynamic
forces less severe than impacts, stresses sustained by a dolos under
design conditions may be larger or smaller as the size and weight of
the piece is larger or smaller. In that case there would be reason to
modify the larger pieces with stress reducing measures that smaller
dolosse would not require.

Three approaches toward stress management which could be combined,
or be mutually exclusive, are discussed in this paper. They are:

1. Incorporating steel bars to take the tensile stress;

2. Reduction of force moments by thickening the shank,
and consequently shortening the flukes;

3. Reduction of stress concentrations at critical parts
of the dolos by minor geometric modifications, viz.
at the intersections of the flukes with the shank,
to keep stresses below the modulus of rupture of
the concrete.

The photoelastic tests indicate that, to have any useful effect
toward preventing fracture of a dolos at its intersections of flukes
with the shank, steel bar reinforcement would have to be placed so
close to the skin of the piece that loss of the steel by corrosion in
a short time would be unavoidable; the cost of such steel thus would
be wasted and its effect would be ephemeral.

The tests suggest some stress reduction does result from thicken-
ing of the shank, but not significantly when the extent of thickening
is kept below sensible limits that are proposed by the dolos' conceptor,
Eric M. Merrifield. It is his view, expressed in personal communications
with the senior author, that thickness of shanks in excess of 36 per
cent of the height of the dolos would cause undesirable losses of inter-
locking characteristics.

Modifying the intersections between flukes and shank showed sig-
nificant reductions of stress concentrations in the test pieces. Making
dolosse of all sizes in future with a small curved fillet at those
corners is proposed, not only to reduce stress concentrations but also
to minimize concrete imperfections that often occur at sharp corners
during pouring of concrete.

Photoelastic Stress Analysis

Among methods of experimental stress analysis that have been
developed and proved is the photoelastic study of loaded two-dimensional
plastic models. Either reflection or refraction of polarized light
from or through various plastic materials yields light interference
patterns that are rationally related to stresses within the plastic.
Knowledge of this phenomenon is not new. It has been available with
use of two-dimensional models for a century, and has been in widening
use since the 1930's. Beginning with disoveries made in 1936, three-
dimensional model pieces of complicated geometry have been loaded in
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laboratory ovens, at temperatures elevated very near but not to the
level where the material loses its elastic properties. After being

held under load at carefully controlled specific elevated temperatures,
the oven heat is systematically and very slowly withdrawn until the
model piece has reached room temperature. During this cooling phase of
the "stress-freeze" process, which may take several days, the loads on
the model are sustained. When the model has reached room temperature
the loads can be removed, but the stress patterns persist within the
plastic. The model can then be cut into thin slices at any planes of
interest, and polished. When polarized light is transmitted through
those slices and examined with appropriate optical equipment each one
shows the stress patterns that were induced along that plane by the
test loads. Calibrations and rational computation procedures relate
the patterns to definitive stress values. These techniques are com-
monly relied upon by industry. Complicated forgings, castings, fabri-
cations, pressure vessels, struts, bearing housings and a host of other
shapes and devices have been evaluated by this method. Except for some
work that may have been done in England, it apparently has not been
used before on a breakwater armor piece.

Description of Models

Sixteen three-dimensional models of dolosse for the present tests
were cast from photoelastic thermal-setting plastic. All were made
with the dimension h equal to 6 inches, which is 15.24 centimeters.
-As will be seen in several figures in this paper, the-dimension h is.
present in two ways in the dolos. It is the overall height from tip
to tip of two adjoining flukes, and is also the overall length of the
piece, measured parallel to the axis of the shank. Half the models
were made with shank thickness 32 per cent of h and the other half with
35 per cent. For each thickness ratio, four different versions were
cast that varied the geometric details at the intersection of the fluke
with the ahank. The traditional dolos, with sharp intersections
between fluke planes and the planes forming the shank, was tested at
both thickness ratios. Those specimens were identified by codes 32HS
and 35HS, the letter S identifying the sharp intersection characteristic
for pieces with shanks 32 per cent as wide and 35 per cent as wide,
respectively, as the height. Other versions of corner geometry, also
tested for both 32 and 35 per cent shank thickness, had chamfers
created by planes (32HC and 35HC), a small-radius circular fillet (32HF
and 35HF), and a larger-radius circular fillet (32H and 35 HO).

In the stress-freeze tests, stresses frozen into the model dolosse
were produced with two different loading patterns. In the "Tension"
series, equal forces that were all directionally parallel with the
shank's axis were applied at the ends of the four flukes. Pairs of
forces were oppositely directed, in a normal sense placing the shank
in tension; therefrom the "Tension" term for describing those tests.
In the "Torsion" series, equal forces were again applied at the ends
of the four flukes, but acting in planes perpendicular to the axis of
the shank and directed to twist the shank; therefrom the "Torsion"
term for that series. Sixteen models were made and stressed. Fifty-
eight sections were sliced from various parallel or intersecting planes,
to find the stress characteristics within the dolosse resulting with

397

i i I I / I I



all the variations that were involved. Figure 1 shows and compares the
four details of the corner that were studied, being cross-sections in

Sharp Small Chamfer Large
Fillet .04h Fillet
R-.0078h Ra.04h

Figure 1

the plane common to both the fluke axis and the shank axis. As illus-
trated in Figure 2, the chamfer tapered to a point in the corners
between planes either side of the ones cut for the profiles that are
shown in Figure 1. The circular fillets in those same two flanking
corners had to have radii 1.5. times as long as those in the central
corner, because the angle of intersection of planes adjoining ac is
larger than the angle ot intersection along ab. The circular fillets
did iot taper to a conical point.-

All the models were made with flukes whose cross-sections normal
to their axes were not symmetrical octagons. The left side of Figure 3
shows the awkward geometry that develops at the intersections of flukes
with the shank if a symmetrically octagonal fluke is made. To eliminate
the intersection problem a slab of constant thickness, S, should be
taken off the whole octagonal side of the fluke, above the shank at the
intersection ab. If the maximum breadth of the octagon at the tip of
the fluke is the commonly used .20h, and t is the thickness or breadth
of the shank octagon, then the thickness of the slab to be removed,
shown at the right side of Figure 3, is:

S = O.12132(2tih-t 2/h 2)

(t/h)Tan 22.5-l

The models with chamfered and filleted corners, consistently for com-
parison values, also where made with flukes of asymmetrical cross-
sections.

Rubber moulds for casting all the photoelastic models were formed
by pouring a thermal-setting silicone rubber compound around a pre-
cisely machined acrylic resin master dolos that had sharp corners. To
modify the master in order to make moulds for the chamfer and fillet
versions, pattern maker's beeswax was hand-tooled into the corners of %
the master pattern. At the scale of these models, the corners of the
hand-molded chamfer planes were not as sharp as one would expect inter-
sections to be in the prototype, where structural steel plate is the
likely material from which such forms would be fabricated. Because the
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chamfer intersections probably were slightly rounded, the stress concen- ",f
trations shown by the photoelastic models with the chamfered corners
probably are less severe than they would be at prototype size, or than
they would have been had the model chamfers been precisely machined
instead of being hand formed of beeswax on the master pattern.

The theory of photoelascic stress analysis is well covered in
reference works that are readily available in technical libraries, so
there is no development of the theory in this paper. However, the
laboratory techniques employed in the present tests and the analytical
procedures that were followed deserve description.

A reconnaissance test program was carried out before the stress
freeze models were made, to compare at least qualitatively the effects
of six different arrangements of loading. For the reconnaissance, a
specially compounded aluminum-filled epoxy resin was selected, and model
dolosse cast from it were clad with a thoroughly bonded bi-refringent
coating material. The bond was made with an epoxy-based reflective
cement, A reflection polariscope was used to view the model while it
was under each loading arrangement. Elastic deformations induced by
the loads were transferred from the dolos to the cladding by shear IVN
forces developed at their interface. When polarized light was reflected
from the surface of the model through the bonded layer, the coating
exhibited patterns of birefringence which were quantitatively analyzed.
Out of those preliminary tests it was concluded that the "Tension" and
"Torsion" loading patterns previously described would best develop the
internal stress information that was wanted from the stress-freeze

photoelastic procedures.

Internal Stress Data, Quasi-Dimensionless Form

Stresses that were shown in the photoelastic models were reported
in quasi-dimensionless form, to enable easy calculation of stresses in
prototype dolosse of any size and for any selected value of the moment
and shear producing forces. Stresses in the prototype were related to
stresses in the model by:

/a*(F /F) (h /h)
pm pm mP

Where a - Stress in prototype and model, respectively

FP, Fm a Load on prototype and model, respectively

hp, h - Corresponding dimensions of prototype and
P model, respectively.

If F is expressed in units of the total dead weight
p of the prototype dolos, and
p is the unit weight of the concrete from which

the prototype dolos is made, and
V is the volume of the dolos, then

a /a , - (n V o/F) (hm/hp )2

400



where a is the number of units of the dolos' weight,
a convenient way to express the design load.
All models were six inches high, i.e. h - 0.5 feet
Thus, for models where the shank thickness t is 32 per cent

of h, and Volume consequently equals .1550h3 ,

a .03875 hP n (am/FM )

For the models with (t/h) - 0.35 the volume is

V - .1739h3 ,

So for those models it can similarly be shown that

ap - .043475 h p n (a /Fm )
p mm

The test results for surface stresses then could be presented as the
parameter a/0h, and for internal stress components on the plane of each
slice as (ol-a 2)/ph. In all cases, the numerical values of the param-
eter were calculated with n equal to 0.5, that is to say they are
stresses induced by two forces whose sum is the dead weight of the dolos.
Multiplying the numerical values of the stress parameters by the unit
weight of concrete intended for a prototype dolos, in pounds per cubic
foot, and the product by the height of that dolos in feet, yields
stress in the prototype in pounds per square inch. X,

Presentation of Results

Figures 4, 5 and 6 are examples of the forms in which stress
analyses from most of the 58 slices in the complete test program were
reported. Figures 4 and 5 are examples of reports on those slices that
presented "Tension" test results and Figure 6 is for a "Torsion" test. S

At upper right on Figures 4 and 6 the dimensions of the dolos are
shown and the loading patterns of the forces F are displayed.

At top center of all sheets like Figures 4 and 6 is shown where
the reported-upon slice was cut from the stress-freeze three-dimensional
model.

In the photoelastic examination of each slice the optical system
presented the lines of constant stress, the isochromatic fringe patterns
(ai-a2), at full model size. It also projected the slices at ten times
model size. The enlarged projections were examined to identify the
locations of maximum stress concentrations at the surface and the direc-
tion of steepest gradient of stress variation within the dolos. That
part of each slice was reproduced as a line drawing at the lower left of
all the sheets like Figures 4 and 6, showing the surface lines of the
fluke and of the shank and the intersection profile and the "contours"
of the stress parameter (ul-a 2 /ph). These slice displays were oriented
to place the direction of the visually determined transect of steepest
gradient of stresses parallel with the horizontal direction of the data
sheet.

The diagram at lower right on all the sheets like Figures 4 and 6
is a direct projection, from the left, of the stress values at the
surface of the dolos, and illustrate the rate of stress increase toward
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the maximum concentration at the corner. These values at the surface
are the tensile stress, because a2 must be zero at a free surface and
the load pattern is such that a, in this case must be tensile.

At top left, the internal stress variation along the transect of
steepest gradient was- projected upward from the cross-section at lower
left.

Stress gradients in the sharp cornered dolosse were extremely
steep at the surface, and absolute determination of values at the corners
was not possible. This is indicated on all plots of surface stress and
of internal stress for sharp cornered pieces by small arrows, emphasizing
that the value of c/oh was not determined, and the curves stop short of
joining on the Surface Stress graph and of reaching the h - 0 abscissa
on the Internal Stress graph. In fact, if it were possible to make an
absolutely sharp corner, the h - 0 line would be the vertical asymptote

of the internal stress curve.

Four slices were taken from each "Tension" model for analysis.
In models with sharp corners and with chamfered corners and with small
radius filleted corners the slices were all taken at the planes des-
cribed at the upper right of Figure 5. The lower parts of Figure 5 show
the equal stress contours for each of the whole slices of the Tension
Tests for Sharp Corners, not just the enlarged detail close to the cor-
ners that were reproduced on Figures 4 and 6. As before, numerical
values for the maximum concentration of stress -in the corners could not
be shown, but the analysts estimated they would be on the order of 0.30
to 0.32. The rapidity with which stresses reduce, as one considers
planes removed from the shank's shoulder at Slice B, is apparent when one
examines the stress patterns on Figure 5 of slices C and D at success-
ively greater offsets from the axis of the piece.

There were three slices removed from each "Torsion" test model
that had sharp or chamfered or short-radius filleted corners. Two of
the locations are shown at the upper right on Figure 7 and the third,
a surface slab containing the corner and called Slice A, is shown on
the sketch at upper left. Stress contours for all three slices are
shown as before, and orthogonal trajectories of the principle stresses
in Slice A are also shown. The solid orthogonals indicate the direction
of the maximum tensile stress, and the dashed ones indicate the direc-
tion of the maximum compressive stress. These stress trajectories are
not to be confused with the lines of constant stress, isochromatic
fringe patterns (01-02), referred to as "stress contours" before in this
paper. The stress trajectories represent the force flow lines of

principal stress direction and are of variable stress intensity along
the trajectory. Data sheets similar to Figure 7 were prepared for the N

Torsion tests of the chamfered and of the small radius filleted corners,
but are not reproduced here.

When all data were available from testing the first three variants,
with sharp, chamfered and small-radius filleted corners, comparisons
were made that suggested yet another corner variation should be investi-
gated. Table II shows maximum stress values at the surface in the CI

corners of the three variants, all expressed as fractions of the stress
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analysts' best estimate of the corner concentration stresses in the

sharp cornered models, which is 0.30 oh.

TABLE II

RELATIVE MAGNITUDES OF SURFACE STRESS CONCENTRATIONS

Sharp Small Fillet Chamfered
Corners Corners Corners U

t/h - 0.32 "Tension" 1.00 0.73 0.63
t/h - 0.32 "Torsion" 1.00 0.80 0.63

t/h % 0.35 "Tension" 1.00 0,67 0.67
t/h - 0.35 "Torsion" 1.00 0.87 0.49

Considering the analysts' view, that imprecise moulding of intersections
of the chamfer planes with the fluke and shank planes tended toward
understatement of stresses by the chamferred models, it appeared that
the minute-radius fillet reduced stresses essentially as well as did
the chamfer.

Guided by published stress reduction factors for details of common
structures, a Judgment was made that a dolos with circular fillets of a
radius equAl to 4 per cent of the dimension h should be tested. With
larger radii, the published factors suggested, incremental reduction

of stress concentrations became less significant. There was a concern,

lest the fillet become so large that the very desirable nesting or
tangling characteristic of dolosse in an armor matrix should be impaired.

New stress-freeze model dolosse were made,with circular fillets of .04h
radius on the corner labelled ab in Figures 2 and 3 and of 1.5 x .04h
on the side corners, ac of Figures 2 and 3. As before their h dimension
was 6 inches and the same Tension and Torsion loads were applied.

There were models, also as before, where the shank thickness was
32 per cent of h (t/h = .32) and where it was 35 per cent. Figures 8,
9, 10 and 11 show the results, and are directly comparable with Figures
4-7 inclusive. The pattern of slices taken from "Tensi .,-dels in :

these experiments was modified, as can be seen by comparing the descrip- . Y

tive drawing at the upper right of Figures 5 and 9. By cutting Slice C

from the large fillet models on a plane radial to the fluke axis it
became possible to identify the inclination and direction of the plane
through the crotch of the dolos where all stress gradients were of maxi-
mum steepness. The new slice E was then cut along that plane. As can

A
be seen on the slice EA stress contour plot, at the bottom of Figure 9,

the stress magnitudes are negligible along that plane. Thus, recognizing r

that the E plane is perpendicular to the A slice, and nominally coin-

cident witt the maximum gradient transect lines of the A and B slices,

it is practical and conservative to use the internal stress values from
slices A and B as indicative of the maximum principal stress a, (tension)
rather than the principal stress difference OI-a2.

In certain instances it is desirable to know the shear stress mag-

nitude in concrete. This information is readily available from the
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SURFACE AND INTERNAL STRES5 PATTERNS

IN THE BREAKWATER ARMOR PIECE "DOLOS"
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SURFACE AND INTERNAL STRESS PATTERNS

IN THE BREAKWATER ARMOR PIECE "OOLOS"

ENLARGED FILLET CORNER, t/h O.32

ANALYSIS OF SLICE B
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CONTOURS OF fNTERNAL STRESSES, O7-OI

IN THE BREAKWATER ARMOR PIECE "DOLOS"

TORSION LOADING

ENLARGED FILLET CORNER t /h -0.32.-& 0.35

6OAOING PATTERN LOCATION OF SLICES

t/hzo.32 . I I II t/h=0.35
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F ure 1

stress contours. The contours as shown are for the difference of
principal stresses (al-O). From Mohr's Circle the maximum shear
stress T is:

max
:max "(1 );

and the contours truly display 2 tmax as shown.

Figures 12 and 13 each summarize and provide direct visual com-
parison of the internal stress gradients for all sixteen of the models
that were tested. Figure 12 compares the effects of corner detdils
and shows, to the immediate right from each graph, the numerical value
of the stress parameter at the surface for each of the three corners
that were not square. Recalling the analysts' estimate, that the sharp
cornered dolosse had surface stress values between .30 and .32 ph, it
appears the circular fillet with radius of .04h would reduce the
critical stress in the corners by 50 per cent, at least, of the sharp
cornered stress value.

Figure 13 presents the same curves as Figure 12, but arranged to
evaluate the effect of varying the ratio of shank thickness to dolos
height, t/h.
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FlexurAl Strength of Concrete

In 1957 Paul Klieger (3) presented data from comprehensive flex-
ural tests of concretes that are remarkably systematic and are useful in
considering fracture stresses in the dolos.

Beams 6 by 6 inches and supported over 18-inch spans were loaded
to failure, and the tensile strengths of their concretes were calculated
as the Modulus of Rupture. Strengths were determined for ages varying
from one day to one year. Six-inch cubes were prepared from the ends of
the broken beams and tested as compression specimens. A sufficient
number of standard 6-inch diameter by 12-inch length standard cylinders
also were cast from the same batches of concrete made for the beams,
and they also were broken in compression. That permitted developing a
reliable factor for converting cube compressive strengths to standard
cylinder compressive strengths. It was determined that, for the aggre-
gate being used, the ratio of 6" by 12" cylinder compressive strength

at all ages of test specimens to the compressive strength of 6-inch
modified cubes was 0.93.

One of the experimental series dealt with a concrete typical of
marine structures, made with ASTM Type II cement and with air entrain-
ment of 4.5%. One hundred forty-three test beams of ages ranging from
one day to one year were tested in flexure. There is very little
scatter of data from the straight line R - 1.1 (f)175 , where

R Modulus of Rupture, the flexural tensile stress
in pounds per square inch at the beams' extreme
fibre at loads producing failure;

fc compressive strength of a standard cylinder at
the age of the flexural test specimen.

Figure 14 comes from another arrangement of Klieger's data (points
not plotted), to show how the Modulus of Rupture in his tests was found

to vary with age of the concrete. It can be put to good practical use
when making judgments as to how soon after casting a dolos one can
handle it, with acceptable risks of damage to its structural integrity.

Concrete for dolosse has commonly been specified with a minimum
acceptable compressive Itrength at 28 days of 5,000 pounds per square
inch, roughly 350 Kg/cm . The Modulus of Rupture at age 28 days for
that specified compressive strength could be estimate from the Krieger
experiments at 650 pounds per square inch, or 46Kg/cm . At one day,
according to Figure 14, that same concrete might have a fle ural
strength of 200 pounds or more per square inch, or 15 Kg/cm .

A project being planned in the United States will use dolosse of
the unprecedented weight of 62 short tons, which is just over 56 metric

tons. If made from concrete with a specific gravity of approximately

2.4, their h dimension will be 17.5 feet, or 5.33 meters. On the same

project smaller dolosse also will be placed, weighing 40 and 11 short

tons. Respectively, their h dimensions would be 15.1 and 9.8 feet.
Table III has been calculated from the transect curves of Figures 12
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VARIATION IN MODULUS OF RUPTURE WITH TIME

TYPE 31 CEMENT CONCRETE WITH 4_5% AIR ENTRAINMENT

FABRICATED AT VARIOUS TEMPERATURES, 73'F TO IOS*F

(JoatOI ACI, Vol 29 No 12, Jun* 19561
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.". AGE OF CONCRETE, DAYS

Figure 14

and 13 to illustrate the stress magnitudes, under the loads F of the
photoelastic experiments, at various depths in the three sizes of
dolosse for the planned project. %

Good practice in reinforced concrete design for hydraulic struc-
tures, particularly for a sea water environment, requires that there be
substantial thickness of dense, hard, sound concrete between embedded

steel and the water that surrounds or splashes the concrete. A 3-inch
cover, which is 7.5 cm, commonly is required and 4 inches, nominally
10 cm, or more is required by some.

The stresses displayed in Table III suggest the reason for the
low breakage experience with dolosse at existing projects that achieved
uniformly high quality concrete and that were faithfully built in com-
pliance with appropriate breakwater designs. The largest existing
dolosse with sharp corners are those at East London, South Africa, and
weigh just under 20 tons each. Larger ones at Hong Kong's High Island
East Cofferdam (27.5 tons), Richards Bay, South Africa (33 tons),
Crescent City, California (40 tons), Humboldt Bay, California (42 and

43 tons) and Sines, Portugal (44 tons) all are chamfered. Under the -
loading conditions used in calculating the Table III stresses, all
would have surface maximum stresses of less than 650 pounds par square
inch. At 4 inches depth, the closest to the surface many experienced
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TABLE III

FLEXURAL STRESS AT THE PEAK SURFACE CONCENTRATION POINT
AND Cl-a 2 AT DEPTHS, NEAR THE PEAK POINT

t/h 0.32; 150#/cu.ft.; F a 0.5W.

(Pounds Per Square Inch)

Dolos Size & Mode of Loading
Position Corner 11 Tons 40 Tons 62 Tons

Treatment h-9.8' h-15.1' h-17.5'

Tension Torsion Tension Torsion Tension Torsion

Surface Sharp 440? 440? 680? 680? 790? 790?
Peak Sml.Fillet 325 355 500 550 580 635

Stress Chamfered 280 280 430 430 500 495
Lge.Fillet 235 220 360 340 420 395

2" Sharp 50 125 105 215 140 255
From Sml. Fillet 75 210 155 360 200 440 U

Surface Chamfered 115 195 205 300 250 350
Lge.Fillet 95 115 185 195 230 235

4" Sharp 30 110 65 i80 80 215
From Sml. Fillet 40 195 95 310 125 370

Surface Chamfered 55 195 150 300 190 350
Lge.Fillet 55 90 120 160 155 190

engineers want reinforcing steel placed in concrete immersed in or
splashed by sea water, the stresses shown in Table III are so low that
the effect of steel bar reinforcement on crack prevention might not be
discernible. Such steel then would be redundant at best, because it
could only act if some mortal blow striking the dolos opened a crack
the bars would be incapable of preventing. For some time, the bars in
such a cracked dolos might stop separation into fragments, but probably
only so long as oxygenated sea water seeping to the bars through the
crack had not yet completed corroding the bars to the point of severing
or to exerting swelling stresses on the surrounding concrete that
typically makes it spall away and create failure by that condition. It
appears that reinforcing steel in dolosse must be an economic waste.
However, a possibly stronger reason for not burying them within the
piece is a concern such bars could induce shrinkage cracks, during hy-
dration of cement in the freshly poured concrete.

The authors are pursuaded that large dolosse, say 30 tons and
heavier, need to have eased corners between flukes and shank to reduce
stress concentrations to prudent maximum levels. The use of central
fillets of radius .04h and side fillets of .06h radius is seen as the
best means for easing those corners, because important collateral
benefits in concreting derive. Other easing geometries that are almo-.
as effective in stress reduction do not provide as clear a concreting -
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advantage. The relative simplicity of incorporating the fillet details
when fabricating steel forms suggests it will be useful to have filleted
corners in dolosse of all sizes, the concrete placing advantages being
the justification.

The viewpoints expressed in the foregoing paper and conclusions
reached are those of the authors. The photoelastic testing that made
the paper possible were performed for Public Service Electric and Gas
Company, of Newark, New Jersey. Their permission to publish the test
data for the benefit of practicing engineers is acknowledged, with
appreciation.

N.
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ULTIMATE STRENGTH AND TOUGHNESS OF ARC

SHAPED WAVE DISSIPATING MEMBERS

Osamu KIYOMIYA*, Hiroshi YOKOTA* and Hideo NISHIZAWA*

U
:1 ABSTRACT

Arc shaped prestressed concrete members will be applied to offshore
structures in deep sea. These members are subjected to large wave forces %
from outside and inside alternately. Mechanical properties of them under
alternate loads are estimated by experimental works.

INTRODUCTION

Q. ffshore structures in deep sea are subjected to large wave forces.
Several new types of structures have been considered so as to reduce wave
forces and energies, and to keep proper safety. The arc shaped slit
caisson breakwater is one of these structures. Several arc shaped members
are attached in front of breakwaters and form the front wall of the wave
dissipating chambers as shown in Fig. 1. The arc shaped member is a
quarter circle in the side view. The prototype breakwater of this type
has been placed off Akita in Japan Sea for performance tests and observa-
tions.

Arc shaped wave dissipating members of the structure are subjected to
large wave forces from both sides alternately. The values and distributions
of wave forces were estimated by
hydraulic model excperiments.
There are several problems L.W.L. ±0.0 +4.5 m
regarding the mechanical +2.5
properties of the members such I
as ultimate strength, toughnessf
and so on. This report pro-
vides the experimental results

of the arc shaped wave dissi- -9.5
pating members made of reinforced
concrete or prestressed concrete
under alternate loads. Fig. 1. The prototype caisson breakwater

with arc shaped wave dissipating
members

* Port and Harbour Research Institute, Ministry of Transport
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The test program was carried out as a part of a specific research
works, "Study on Analysis of Gravity Type Structures in Deep Waters.."

I. TESTING PRCEDURE

Arc shaped beam specimens employed for the experiments are made of
reinforced concrete (RC) or prestressed concrete (PC As shown in Fig. 2,
the beam specimen is 27
cm wide, 11 cm high and
160 cm of centroid radius. .1260
Two blocks dimensioned 74(L) x 40 (W) x 30 cm (H)

are fixed at both ends of
the beam specimen in order
to satisfy the fixed end
condition. Effective
prestress at the midspan
section in the prestress- D6
ed concrete beam specimen IC bars
is approximately 20 kgf/
cm2 introduced by two
prestressing bars with the stirrup
diameter of 11 mm.

Mix proportion of 0
concrete is shown in Table
1. The maximum size of D6
aggregate is 10 mm. The
mechanical properties of (unit mm)
reinforcing and prestress- Fig. 2. Details of the beam specimen
ing bars are presented in
Table 2.

Table 1. Mix proportion of concrete

Maximum Water Fine Weights of materials AirSlump size of Ai
aggregate content cement agg. Water Cement Fine Coarse entraining

ratio ratio - agg. jagg. agent

(cm) (mm) (%) (%) (%) (kgf/m3 ) (Z/m3 )

±2 10 5±1 58 50 169 293 884 913 2.93

Table 2. Properties of reinforcements

Type Diameter Yield Ultimate IElongation Modulus of
stress stress elasticity

(mm) (kgf/mm2) (kgfm? (%) (kgf/mm2 )

Deformed bar 6 37.2 52.8 27.5 2.10x104

PC bar 11 143 152 9 2.06X104
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Load is applied at midspan of the beam specimen rpeatedly from out-

side to inside (designated as 0-load), from inside to outside (I-load) or '.,

from both sides alternately (A-load) by a 50 tf hydraulic jack. The load

is increased by a increment of 1 tf up to first yield. After first yield,

the magnitude of the increments depends on the midspan deflection at first

yield.

A load cell is used so as to measure the applied load in each direc-

tion of loading, The deformations of the specimens are measured by eight

displacement transducers. Tht strains in the reinforcement and concrete

are measured by electrical resistant strain gauges attached to the sur-

faces, respectively. Contact points are attached on the concrete surface

at interval of 10 cm, and widths of cracks are measured by the contact type

gauges at load steps.

2. TEST RESULTS AND CONSIDERATIONS

The results of the experimental work are summarized in Table 3. The

ductility factor at ultimate (p u) is obtained by vu 6 / 6y ,where 6 is

the midspan deflection of the beam at ultimate, and 6 is that at first
yield. 

y

2.1 LOAD-DEFLECTION CURVE

The load-deflection curves of the beams under each direction of load-

Table 3. Summary of test results

Beam 0 E P p 6 iilP I P 0 . 2
c b c u y y u cI

N.(kgf /¢n) (tf) (tf) (nun) (tf) (if)

PC-O 426 58.7 12.85xlO' 20.5 9.5 2.7 3.2 2 12.0 I.

Li4 50.0 2.96 15.2 4.5 3.6 12.8 2 .0

Pc-A 422 63.4 2.86 16.0* 10.0* 3.0* 3.2* 2

7R-O1438 51.7 2.86 14.7 5.9 4.6 3 1 .9

RC-l I 395 54.4 26 7.4 4.6 1 3.2 4.0 <1 1.8

RC-A 42064 2.94 . 5.1* 5.0 20*" 4 .6 - 0

a compressive strength of concrete

o b :flexural strength of concrete

E modulus of elasticity of concrete
C

P load at ultimate P : load at first yield
u y

6 midspan deflection at first yield
y

p ductility factor P : load at first crack
u c

PO.2: load at maximum crack width of 0.2 mm

*) obtained when load is applied from outside to inside
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(tf) (tf)
20 PC-O 15

- 15
' RC-O1 o

-4 RC-I

55

0."

S5 10 15 20 25(mM) 5 10 15 20 25 30 354 0 45
midspan deflection midspan deflection (MM)

Fig. 3. Load-deflection Fig. 4. Load-deflection curve for I-load
curve for O-load

ing are shown in Figs. 3, 4 and 5. PC-A (f) from outside

The first yield load and ultimate o to inside

load of the PC and RC beams sub- 
15.

jected to 0-load are considerably .4 10 .
larger than those subjected to I-

-r. ....... load. When O-load is applied, . ... A

the slopes of deflection envel- ""

opes are roughly constant up to "20 15 _

the ultimate loads. On the other 5 10(rm)
hand, the slopes gradually become "5 midspan deflection
gentler when I-load is applied.
The ductility factor of the beam 10
specimen at ultimate subjected to from inside
O-load is about 3, and that sub- to outside
jected to t-load is about 13.
Therefore, the beams subjected to Fig. 5. Load-deflection curve
O-load provide less deformations for A-load
after first yields and then col-~lapse. The stiffness of the beam

subjected to 0-load descends 1. RC_0
immediately after the ultimate 1,0
load, and the peak of the applied _
load is observed clearly. The :C-o4
stiffness of the beam subjected RC-1
to I-load keeps almost the con- W 0.5
stant value and the peak of the
applied load is not found clear- PC-I
ly in the load-deflection 0.
relationship. The load-deflection GO

relationship for A-load is almost 1 2 3 4 5
similar to the load-deflection ductility factor
relations obtained by a compound Fig. 6. Stiffness deterioration
of O-load and I-load.

V23
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2.2 STIFFNESS DETERIOPATION

Fig. 6 shows the ratio of average stiffness at each loading cycle (K)

to initial stiffness (K0) plotted against the ductility factor. The

average stiffness is obtained by K = dP / d6 of the load (P) - deflection

(6) curve at each loading cycle. The stiffnesses of the RC and PC beams

descend with the increasing ductility factor. The stiffness deterioration
of the beams subjected to I-load is greater than those subjected to 0-load.

2.3 ENERGY DISSIPATION

Fig. 7 shows the cumulative energy dissipated and the equivalent

viscous damping coefficient of the RC and PC beams plotted against loading
cycles. The equivalent viscous damping coefficients decrease slowly to

2 to 4 cycles of loading, and subsequently, become almost constant values

of 4 to 6 %. The cumulative energy dissipated in the RC beams subjected
to 0-load is about twice as large as that subjected to I-load. However,

the difference of directions of loadings does not affect the energy dissi-

pation in the PC beams.

2.4 DEFORMATION

Fig. 8 shows the deflected shapes of the RC beams at certain load
steps. Subjected to I-load, the deflections at midspan obtained from the
experiment is larger than that from elastic analyses, but the deflections
at a quarter of the span from the experiment is smaller than that from

elastic analyseo......The reason is considered that the beams turn into two
cantilevers after cracks have passed through some sections nearby the
midspan. Subjected to O-load, plastic hinges form at point A shown in
Fig. 8 as the load is increased', and the deformations of the beam become
different from those In early load stages. Therefore, in case of 0-load,
the beam does not turn into two cantilevers evidently.

RC l03kgf-cm PC 3kg-cm
I/0

10 10 10 10he 0e
h e 0 h/ Wd he he 1  W

0_2 . .. _.....0 0~ 0
1 23456 78910 123 5678910
loading cycles loading cycles

Fig. 7, The equivalent viscous damping coefficient (h )

and cumulative energy dissipated (Wd) of the beams
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2.5 CRACK FORMATIONS AND MODES OF FAILURES

The appearances of the beams at the ultimate loads are shown in Fig.

9. Cracks are initiated in some sections nearby the midspan at first when
I-load is applied, and tend to pass through the sections before other~sections have cracks. After that, cracks are formed on inner surface,
widened and gradually developed towards the outside fiber as the load is

increased, and the beams turn into two cantilevers as mentioned before.
Just before the ultimate load, crushing of concrete occurred at point B
shown in Fig. 9. The mode of failure of the beam subjected to I-load is
what is called the flexural failure,

In case of 0-load, cracks are formed not only on the inner surface
of concrete nearby the midspan section, but also at points A and B at
early loadJng stages as shown in Fig. 9. Cracks formed in these sections
are widened and extended as the load is increased. The mode of failure of
the beam subjected to 0-load is crushing of concrete at a quarter points
of the span and shear failure of concrete at the midspan. Bending moments
at the midspan and at the ends of the beams are almost the same as those
obtained from elastic analyses. However, apparent cracks are not formed
actually at the ends of the beams. The reason is considered that the
bending moment is redistributed between points A and B after the plastic
hinge is developed at the midspan section.

loading

------------------ loading 14.7 tf

A (A

10mm / 10mm
applied I-load applied O-load

Fig. 8. Deflected shapes of the RC beams

~loading

shear failure
Sloading 

of concrete

crushing of
'concrete

applied I-load applied 0-load

Fig. 9. Crack formations in the RC beams at the ultimate loads

%
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Fig. 10 shows the relationship (mm)
between the applied load and the . .
maximum width of crack at a quarter u
section of the span in the RC beams. 1 0 0-load I
The maximum width of crack isobserved at the loading section, o0.

that is, the midspan section. An .

allowable width of crack in off- 0.6 /
shore structures is 0.2 mm from the /

durability point of view. The (14- I-1oad

of cracks of 0.2 mm are shown in 0.2,
Table 3. At the same applied loads,
the maximum width of crack in the 0
beams subjected to O-load is appar- 2 4 6 14 W)
ently larger than that subjected to applied load

I-load. Fig. 10. The maximum width of
Rl h bcrack vs. applied load
Relationship between (mmn)

the maximum width of crack , 1,2
and strain in the tensile M
reinforcing bar is shown U O-load 1/
in Fig. 11. The maximum %"

width of crack is in pro- 
O

portion to strain in thetensile reinforcing bar up "0 O-

to the strain of 1000xl0
"-

subjected to 0-load. The
-maximum width--of--crack--is.
in proportion to strain in 0 Oi
the tensile reinforcing bar

within'the limitation in Z 0 1000 "06)Fig. 11 when I-load is 4400 0 3OO O(X10' s

applied. Those are mainly strain in the tensile reinforcing bar

due to the result of modes Fig. 11. The maximum width of crack vs. strain
of failures. In case of in the tensile reinforcing bar
O-load, plastic hinges are
formed at a quarter sections of the span derived from the reAistribution of
bending moment, and larger width of cracks are formed as the result of
rotation in these sections. Differences between the maximum widths of
cracks may be the result that strain distribution in these sections are not
linear owing to the curvature of the beams.

CONCLUSIONS

Thie following conclusions may be drawn from the results of experi-
mental works

1) The first yield and ultimate load of the beam when load is applied
from outside to inside are larger than those when load is applied from
inside to outside. However, the ductility factor and deflection of the
beam at the ultimate load which is applied from outside to inside are
smaller than those applied from inside to outside. When load is alternate-
ly applied from both sides, the properties of the beams are almost similar
to those obtained by a compound of the loadings from outside to inside and

/
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from inside to outside.

2) The average stiffness of the beam at the ultimate load is almost
the same as that at initial state when load is applied from outside to
inside. On the other hand, the average stiffness of the beam when load is
applied from inside to outside descends slowly to 30 to 40 % of the initial
stiffness at the ultimate load.

*3) The difference of directions of loads does not affect the
* equivalent viscous damping coefficients. The values are 4 to 6 Z.

4) When load is applied from outside to inside, the mode of failure
of the beam is crushing and shear failure of concrete at the midspan sec-
tion, and crushing of concrete at a quarter sections of the span. When
load is applied from inside to outside, cracks pass through some sections
nearby the midspan and the beam turns into two cantilevers.

5) The applied load at the maximum crack width of 0.2 mm in the RC\NN
beam are about 9 tf and 2 tf when load is applied from outside to inside
and from inside to outside, respectively. The maximum width of crack is in
proportion to the strain in the tensile reinforcing bar, when load is
applied from inside to outside. However, when load is applied from out-
side to inside, the increment of the maximum width of crack increases
greater than that of the strain in the tensile reinforcing bar.
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MEASUREMENT AND ANALYSIS OF STRUCTURAL RESPONSE

IN CONCRETE ARMOR UNITS
January 23-24, 1985

PARTICIPANTS

Dr. Hans F. Burcharth, in absentia
University of Aalborg, Aalborg, Denmark

Mr. Vincent P. Chiarito
Structures Laboratory, Waterways Experiment Station, Vicksburg, Mississippi

Mr. Derald Christiansen
University of Washington, Seattle, Washington

Mr. Robert A. Cole
Structures Laboratory, Waterways Experiment Station, Vicksburg, Mississippi

Mr. D. D. Davidson
Coastal Engineering Research Center, Waterways Experiment Station
Vicksburg, Mississippi

Dr. Robert G. Dean
University of Florida, Gainesville, Florida

Dr. Taiji Endo
-Nippon Tetrapod Co., LTD, Tokyo

Dr. Cyril Galvin
Coastal Engineer, Springfield, Virginia

Dr. G. Heijdra
Delft Hydraulics Laboratory, Netherlands

Mr. Gary L. Howell
Coastal Engineering Research Center, Waterways Experiment Station
Vicksburg, Mississippi

Dr. Osamu Kiyomiya
Port and Harbor Research Institute, Ministry of Transport, Tokyo, Japan

* Col. Robert C. Lee
Waterways Experiment Station, Vicksburg, Mississippi

*Dr. Han Ligteringen
PR C Harris, Netherlands

Mr. Omar J. Lillevang
Consulting Engineer, Whittier, California

Mr. Orville Magoon
Consulting Engineer, San Francisco, California

Dr. William G. McDougal
Oregon State University, Corvallis, Oregon

Mr. C. Dean Norman
Structures Laboratory, Waterways Experiment Station, Vicksburg, Mississippi

Mr. Douglas Scott
Queen's University, Kingston, Ontario, Canada

* Dr. Manuel A. G. da Silva
Ministry of Industry and Energy, Portugal

Dr. Rod Sobey
University of C alifornia, Berkeley, C alifornia

Dr. Joseph Tedesco
Auburn University, Auburn, Alabama
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Dr. David J. Turcke
Queen's University, Kingston, Ontario, Canada

Mr. Robert E. Walker
Structures Laboratory, Waterways Experiment Station, Vicksburg, Mississippi

Dr. Robert W. Whalin
Coastal Engineering Research Center, Waterways Experiment Station
Vicksburg, Mississippi

Dr. William L. Wood
Coastal Engineering Research Center, Waterways Experiment Station
Vicksburg, Mississippi

Dr. J. A. Zwamborn
National Research Institute, South Africa

WORKSHOP ORGANIZERS

Mr. Hugh Converse
South Pacific Division, Corps of Engineers, San Francisco, California

Mr. "Fom Denes
Coastal Engineering Research Center, Waterways Experiment Station ii
Vicksburg, Mississippi

Mr. Tom Kendall
.. San Francisco. District, Corps of Engineers, .San Francisco, California
Mr. John H. Lockhart

Office Chief of Engineers, Washington, D. C.
Mr. Jesse A. Pfeiffer, Jr.

Office Chief of Engineers, Washington, D. C.
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